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ABSTRACT
Simpson, Brian. Ph.D., Human Factors and Industrial/Organizational Psychology, Department of
Psychology, Wright State University, 2011. Sound Localization in Multisource Environments: The
Role of Stimulus Onset Asynchrony and Spatial Uncertainty.

Several studies have shown that detection of a target in a concurrent noise masker improves when the masker onset occurs prior to that of the target (see, e.g., Zwicker, 1965;
McFadden, 1966; Yost, 1985). Recent research indicates that this “masker fringe” (i.e., the
portion of the masker occurring prior to the target onset) also facilitates sound localization
in noise (Simpson, Gilkey, Brungart, Iyer, & Romigh, 2009a; Simpson, Gilkey, Brungart,
Iyer, & Hamil, 2009b). However, these studies do not provide a clear indication of what
information listeners are exploiting to obtain this improved localization performance. This
dissertation was designed to determine the role of masker fringe in sound localization.
Three masker configurations were examined: 1) A baseline condition in which the masker
and target were pulsed on and off simultaneously (the Pulsed configuration); 2) A condition in which the masker was immediately preceded by a 500-ms masker fringe (the Fringe
configuration); and 3) A condition in which a 500-ms silent interval was inserted between
the 500-ms masker fringe and the masker (the Gap configuration). In addition, each of
these configurations was examined under a low spatial uncertainty condition in which the
masker, or fringe-plus-masker, was presented from a fixed and known location throughout
a block of trials (the Fixed Masker condition) and a high spatial uncertainty condition in
which the location of the masker, or fringe-plus-masker, varied randomly from trial to trial
(the Variable Masker condition). The results suggest that listeners make use of at least two
types of information in the masker fringe. The first is a spatial cue, which results from the
fact that the fringe serves as a spatial “pointer” to the location of the subsequent masker.
The benefit of spatial information from the fringe (in the Gap and Fringe configurations)
can be as large as 8 dB. However, the spatial information provided by fixing the masker
iii

location (the Fixed Masker condition) is even greater (approximately 10 dB). In both cases,
the benefit of spatial information appears to be greatest in the Left/Right dimension. The
second type of information is related to the onset effects that occur as a result of temporally
separating the activity associated with the masker onset and that associated with the target
onset. The benefit of this onset effect appears to be approximately 4-6 dB (comparable
to the size of the effect found in studies of binaural detection), and is equivalent across
spatial dimensions. The relation of these results to previous work on auditory detection,
sound localization, spatial attention, and other related phenomena are discussed, and future
studies are described that will more fully characterize the role of masker fringe in sound
localization.
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CHAPTER 1
INTRODUCTION
Spatial hearing is a critical ability exploited for communication, navigation, and
directing visual attention; it provides an organizing principle that is used for monitoring
the environment and selectively attending to an auditory event of interest in a complex
acoustic scene. Moreover, the ability to perceive auditory space links humans in an
intimate way to a world that comprises events with spatial qualities that must be
interpreted in order to survive. It is, at a very primitive level, a means of affording a
“connectedness” to one’s world, without which the world would seem less “real”
(Ramsdell, 1978). At a more practical level, an understanding of how a listener can
resolve and localize multiple sources in complex acoustic scenes is critical for the design
of advanced auditory displays that employ spatialization techniques to position multiple
auditory representations of information sources (e.g., speech signals, sonified data
streams) in different virtual locations. Such displays have been shown to improve speech
intelligibility (e.g., Drullman & Bronkhorst, 2000) and reduce response times on visual
search tasks (Bolia, D’Angelo, & McKinley, 1999), and have been proposed for, and/or
employed in, multichannel communications systems and targeting/threat warning displays
in operational military systems.
The accurate perception of auditory space requires complex processing on the part of
the auditory system. The encoding of spatial information in the auditory system is
fundamentally different than that which occurs in the visual system. In vision, light in
front of the eye enters through the pupil and strikes the light sensitive receptors in the
retina. The resulting spatial pattern of neural activity on the retina corresponds, to a first
1

approximation, to the spatial pattern of light in the world. That is, the visual field is
topographically mapped directly onto the retina. This topographic representation is
maintained at higher levels of the visual system. In the auditory system, on the other hand,
the pattern of neural activity across the peripheral receptors reflects the frequency content
of the sound and not the spatial location of the source. The perception of auditory space,
therefore, must be recovered from this representation at higher levels of the system.
The means by which accurate perception of auditory space is achieved has been of
great interest to auditory scientists, and thus has been the focus of much research.
Although progress has been made toward developing an understanding of spatial hearing
in simple acoustic environments, in the “real world” sounds arriving at a listener’s ears
typically originate from more than a single source. In complex acoustic environments,
multiple competing stimuli interact in ways that impact a listener’s ability to detect,
identify, and/or localize a target stimulus. Evidence from the literature suggests that even
the simple situation of two competing sounds can lead to degradations in localization
performance.
Clearly, one critical factor in complex listening environments that impacts
localization is the level of the target sound relative to the level of the masker – that is, the
signal-to-noise ratio. Good and Gilkey (1996) found that a listener’s ability to localize a
target in noise decreases monotonically with decreasing signal-to-noise ratio. This change
in localizability is presumably related to the change in the overall detectability of the
signal and thereby the change in the detectability of the physical properties of the stimulus
that comprise the cues mediating localization.
There are a number of ways the detectability of a target signal can be changed
without changing signal-to-noise ratio. For example, it has been demonstrated that a target
whose onset is delayed relative to the onset of the masker is more detectable than if the
onsets of the stimuli are simultaneous (e.g., Zwicker, 1965; McFadden, 1966). It has also
been demonstrated that target detectability can be influenced by uncertainty regarding
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certain parameters of the target or masking stimulus. In general, when uncertainty is
increased, detectability degrades (e.g., Green, 1961; Neff & Green, 1984; Spiegel &
Green, 1981). While a great deal of evidence in the literature suggests that onset
differences and stimulus uncertainty affect detectability, there is less information
regarding the impact of these two stimulus parameters on sound localization. Recent
studies in our laboratory suggest that changes in these parameters do in fact have a
substantial influence on sound localization in multisource environments (Simpson et al.,
2009a, 2009b). However, the nature of this influence is not well understood. Thus, the
goal of this dissertation is to evaluate these two specific sources of information, onset
differences and stimulus uncertainty, and determine the role they play when localizing a
target sound in a noise masker. The experiment described below was designed to isolate
these cues in order to measure their relative contributions.
Sound Localization In Multisource Environments
There has been a great deal of research over the years examining detection,
identification, and speech intelligibility in listening conditions containing multiple
competing sounds, but comparatively few studies have been conducted on sound
localization in these multisource environments. In one early study examining auditory
spatial acuity, Jacobsen (1976) showed that, under certain stimulus conditions, the
minimum audible angle (i.e., the MAA; the smallest angular separation between two
sources that can be detected) is much larger in the presence of a noise masker than it is
when the target sounds are presented in quiet. However, the MAA provides only an
estimate of a listener’s ability to determine the relative location of a sound source and
reveals little about absolute localization ability and the underlying mechanisms in these
multisource situations. Perhaps the most comprehensive study to date examining sound
localization in the presence of noise was conducted by Good and Gilkey (1996). They
measured a listener’s ability to determine the absolute location of a 268-ms, 100-Hz
click-train stimulus in the presence of a 468-ms broadband noise masker. In their study,
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the signal could arise from any location surrounding the listener and the masker always
came from directly in front of the listener on the horizontal plane. They found that overall
localization accuracy decreased essentially monotonically with signal-to-noise ratio.
Moreover, localization in different spatial dimensions was differentially disrupted by the
presence of a noise masker1 . In the Left/Right dimension, where performance is mediated
primarily by interaural difference cues (interaural time differences for low-frequency
stimuli and interaural level differences for high frequency stimuli), localization accuracy
was good (i.e., localization errors were low) and remained so as the signal-to-noise ratio
was decreased. Only at signal-to-noise ratios below 0 dB did performance degrade, and
then only gradually. In the Up/Down dimension (elevation), in which performance is
mediated by high-frequency (7 kHz–15 kHz) spectral cues created by the
direction-specific filtering of the signal spectrum by the pinnae, errors were slightly larger
than those found in the Left/Right dimension and also degraded fairly gradually as a
function of signal-to-noise ratio. However, in the Front/Back dimension, where broadband
(2 kHz–6 kHz) spectral filtering resulting from the acoustic shadow cast by the pinnae is
believed to mediate performance, localization errors were larger and increased more
rapidly as a function of decreasing signal-to-noise ratio. A more complete description of
the cues mediating sound localization may be found in Appendix B.
Although the relation between target detectability and localizability is not
straightforward (see, e.g., Good, Gilkey, & Ball, 1997), the fact that, in general, both
signal detectability and localizability degrade as a function of signal-to-noise ratio
suggests that the ability to accurately localize in multisource environments is, at least in
part, related to the detectability of the target signal. Additional support for this comes
from a study by Lorenzi, Gatehouse, and Lever (1999) in which they measured the
localization of a 300-ms, 100-Hz pulse train in a 900-ms broadband noise masker for
1

A description of the 3-pole coordinate system, which describes spatial locations in terms of a Left/Right
spatial dimension, a Front/Back spatial dimension, and an Up/Down spatial dimension may be found in
Appendix A.
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sounds presented in the frontal horizontal plane as a function of signal-to-noise ratio,
masker location, and target frequency. They found that localization performance was
comparable to performance for a target presented in quiet when the signal-to-noise ratio
was greater than 0 dB. Below this level, localization performance began to degrade and
continued to degrade monotonically with changes in signal-to-noise ratio. These results
were generally consistent with the results of Good and Gilkey (1996). The rate of
degradation with signal-to-noise ratio, however, was more rapid for conditions in which
the masker was presented from the side than for a masker directly in front of the listener,
and was worse at the lowest values of signal-to-noise ratio. Lorenzi et al. (1999) suggested
that the greater dependence of localization performance on signal-to-noise ratio for a
masker presented from the side may be due to decreases in the detectability of the target at
the ear ipsilateral to the masker, and proposed that this decrease may have consequently
degraded the efficacy of the interaural difference cues required for determining the
azimuthal position of the target stimulus. That is, sufficient detectability in both ears is
required in order to utilize interaural time difference cues effectively and accurately
determine the Left/Right position of a sound source.
Brungart and Simpson (2009) examined the localization of a target stimulus
presented with a masker as a function of the high-pass cutoff of both stimuli. They suggest
that the head-shadow effect leads to a situation in which the role of high-frequency
information is large relative to the role of low-frequency information. That is, the
relatively larger head shadow for high frequencies leads to more favorable signal-to noise
ratios in this frequency region. This information can be used by a listener to determine the
elevation and/or front/back position of a sound source
Some researchers (Kopco, Best, & Carlile, 2010; Simpson, Gilkey, Brungart, Iyer, &
Hamil, 2006), however, have shown that localization accuracy degrades even when the
target is easily detectable. Kopco et al. (2010) examined the localization of a speech target
in the presence of competing speech. Evaluating only those trials on which a listener
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clearly heard the target, they found that localization accuracy decreased as the
target-to-masker ratio decreased. Similarly, Simpson et al. (2006) measured detection and
localization for a speech token presented in competing speech and found that localization
accuracy degraded as the number of competing tokens increased, even when the subject
could clearly detect the target speech token.
Thus, although it appears that accurate localization of a target signal in noise is
dependent on the detectability of the target, the impact of detectability on localization is
not a simple one. For example, as the detectability of a target decreases, one would predict
greater localization blur (Blauert, 1997) and, at the limit, localization responses that are
randomly distributed throughout the response space. Often, however, listeners’
localization responses exhibit biases that vary with signal-to-noise ratio. Good and Gilkey
(1996), Lorenzi et al. (1999), and Brungart and Simpson (2009) all found that listeners’
localization judgments were biased toward the location of the masker when the
signal-to-noise ratio was low (i.e., a so-called “pulling” effect; see also Butler & Naunton,
1964).
Onset Asynchronies and Sound Localization
An important characteristic of the stimuli employed in the localization studies
described above is that the onsets and/or offsets of the target and masker were
asynchronous. The portions of the masker that extend beyond the duration of the target are
often referred to as masker fringe; that portion occurring before the target is called
forward masker fringe, and, similarly, that portion occurring subsequent to the target
offset is called backward masker fringe. The stimuli employed by Good and Gilkey
(1996) included 100 ms of both forward and backward masker fringe; those employed by
Lorenzi et al. (1999) had forward and backward masker fringe durations of 300 ms. The
stimuli employed by Brungart and Simpson (2009) – a target consisting of a series of
25-ms noise pulses embedded in a 250-ms noise masker – effectively had several temporal
windows in which there were instances of masker fringe. Although not always explicitly
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stated in these studies, it seems likely that asynchronous onsets were employed with the
idea that they would make the target and masker more distinguishable from each other,
presumably enhancing the detectability, and thus localizability, of the target.
Few studies have been conducted specifically to examine the role of onset
asynchronies in sound localization. One early study by Thurlow and Jacques (1975)
examined the impact of relative onset times on a listener’s ability to localize two
concurrent broadband sounds presented on the horizontal plane. They found that when the
sounds were presented in front of the listeners, the listeners could reliably report the
presence of two sounds and subsequently localize each of those sounds with a relatively
high level of accuracy even for near-simultaneous onsets (a 5-ms asynchrony). For sounds
to the side, however, (where auditory acuity in the Left/Right spatial dimension is poorest),
listeners were unable to determine that two sounds were present (i.e., they perceived only
one fused image) when the onsets were nearly simultaneous. As the onset asynchrony
between the two sources increased to 100 ms, the listeners’ ability to perceive two
separate sounds increased. When listeners were able to detect the presence of a second
sound, they were once again able to localize it with a relatively high level of accuracy.
More recent studies by Braasch and Hartung (2002) and Braasch (2002) examined
the localization of a broadband (0.2–14.0 kHz) target stimulus on the frontal horizontal
plane when presented with a spectrally identical distracter located directly in front of the
listener. In one study (Braasch & Hartung, 2002), the distracter was turned on 200 ms
prior to the target onset – a forward fringe – and turned off 100 ms after the target offset –
a backward fringe. They found that listeners’ Left/Right localization performance was
generally good at positive signal-to-noise ratios. Performance degraded with decreasing
signal-to-noise ratio only when the signal-to-noise ratio reached a large negative value,
results that are consistent with those previously reported by Good and Gilkey (1996) and
Lorenzi et al. (1999). In a subsequent study, Braasch (2002) measured the localization of a
target presented with a distracter, but this time the distracter onsets and offsets were
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synchronous with those of the target. Listeners were required to provide an estimate of the
location of the auditory event if, in fact, only one was perceived, or to localize the most
lateral auditory event if more than one was perceived. Braasch (2002) found that listeners
generally perceived only a single auditory event rather than two separate sound sources,
the location of which typically appeared as if it had originated from a position somewhere
between the two actual source locations. These results are consistent with what would be
predicted by a summing localization model, in which two identical sources can lead to the
perception of a phantom image appearing at a location between the two actual sources
(see Blauert, 1997; Simpson, 2002). Although the pattern of responses differed somewhat
across subjects, in all cases their ability to determine the location of the target in the
Left/Right dimension was poor. [Note, however, that in contrast to these results, Best,
Schaik, and Carlile (2004), found that when the task of the listeners was specifically to
determine the number of sources present, their ability to resolve the auditory scene was
quite good.]
Based on the results from their two studies (Braasch & Hartung, 2002; Braasch,
2002), Braasch (2002) concluded that listeners required the “preceding part of the
distracter ... to gain a clear idea of the auditory scene” (p. 962) and to accurately localize
the target. When the onset of the distracter preceded that of the target, as was the case in
Braasch and Hartung (2002), listeners were able to make use of some information in the
distracter-only interval to enhance localization performance.
Recently, our laboratory began a program of research to more directly examine the
role of onset asynchrony in sound localization. In an initial study, Simpson et al. (2009a)
measured the localization of a 250-ms, 100-Hz click train when presented in a broadband
masker that was gated on and off 10 ms prior to, and subsequent to, the signal onset/offset
(i.e., 10 ms of forward and backward masker fringe), and compared these results to the
case in which the forward and backward masker fringes were 500 ms in duration. In this
study, the target was presented from any of 142 locations distributed across the surface of
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a sphere and the masker always came from directly in front of the subject (0◦ azimuth, 0◦
elevation). The results are shown in Figure 1.1, where overall angular localization errors,
averaged across five subjects, are plotted as a function of signal-to-noise ratio for each of
the masker fringe durations. The average angular (i.e., great circle) error for a target
presented in isolation (the quiet, or “Q”, condition, shown by the open diamond) was
approximately 15◦ . When the target was presented in noise, the magnitude of the
localization errors was elevated relative to the errors found in the quiet condition, and
these errors increased as the signal-to-noise ratio decreased. This increase in errors
occurred for both fringe durations, but the errors were larger and increased more rapidly in
the 10-ms condition than in the 500-ms condition. That is, localization performance did in
fact improve when the target was presented in a noise with a longer masker fringe, and,
moreover, this effect seems to be greatest at more unfavorable signal-to-noise ratios.
The Role of Masker Fringe in Signal Detection
The data of Simpson et al. (2009a) suggest that the presence of a masker fringe can
improve the localization of a target signal presented in a masking noise. However, it is
unclear how the fringe produces this change in performance. Some insights regarding the
role of masker fringe in a sound localization task may be gained by examining the role of
masker fringe as described in the headphone-based binaural detection literature.
McFadden (1966) found that the masked threshold for a signal presented interaurally
out-of-phase (dichotic; Sπ ) in a masking noise presented interaurally in-phase (diotic; N0 )
was approximately 5 dB lower when the noise was on continuously than when the noise
was pulsed on and off simultaneously with the signal. Similar differences in threshold
were found for other conditions in which the interaural parameters of the signal and
masker differed from one another, but when the masker and signal had the same interaural
parameters, the difference between continuous and pulsed noise conditions was negligible
(<1 dB). In addition, McFadden demonstrated that signal detectability increased
systematically as the duration of forward masker fringe was increased, and that detection
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Figure 1.1: Mean angular errors in sound localization, averaged across subjects, plotted as
a function of signal-to-noise ratio in the 10-ms (open circles) and 500-ms (filled squares)
masker fringe conditions. Localization performance for the target presented alone (i.e.,
in quiet, indicated by a “Q” on the abscissa) was also measured as a baseline condition
(gray diamond). Error bars represent ±1 standard error of the mean across subjects. Data
replotted from Simpson et al. (2009a).
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performance comparable to the continuous noise condition could be achieved if the pulsed
masker was preceded by 600 ms of diotic forward masker fringe. This “fringe effect” was
found to be as much as 9 dB when the duration of the signal was sufficiently brief (32 ms;
Robinson & Trahiotis, 1972). Trahiotis, Dolan, and Miller (1972) extended these findings
and demonstrated that a diotic backward masker fringe could similarly reduce thresholds
for a dichotic signal, although the effect was somewhat smaller than that found with the
forward masker fringe.
The results from detection studies have been explained by arguing that the diotic
noise preceding and/or following the signal provides a baseline set of interaural
parameters against which the listener may more readily detect the dichotic signal
(McFadden, 1966; Yost, 1985; Gilkey, Simpson, & Weisenberger, 1990). Specifically, the
change in interaural parameters that occurs when a signal is added to a noise, a spatial
event, becomes a cue for detection. In the detection studies described above, an
interaurally out-of-phase target signal turned on subsequent to the onset of an interaurally
in-phase noise would cause a change in the baseline set of interaural parameters
established by the noise. When a signal and noise are pulsed on and off simultaneously,
however, there is no prior baseline from which a change in interaural parameters might
take place. It has been suggested that the absence of the onset cues in this latter condition
can account for the decrease in signal detectability relative to the continuous and masker
fringe conditions.
Another possible impact of the masker fringe in sound localization may be related to
onset effects that exist monaurally (i.e., that are not related to a binaural change). Under
monaural and diotic listening conditions, it has been shown that sensitivity for a target
signal is poor when the onset of the target and masker are simultaneous (resulting in
elevated detection thresholds) but improves systematically as the onset of the target is
delayed in time relative to the masker (thus creating a forward masker fringe). This
phenomenon is known as the monaural overshoot effect (Zwicker, 1965). The size of the
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overshoot effect varies substantially across stimulus conditions (e.g., signal frequency,
bandwidth, signal duration) but can be as large as 10-15 dB or more (Carlyon & White,
1992). Smith and Zwislocki (1975) have suggested a physiological mechanism to account
for monaural overshoot based on the assumption that a brief signal always produces the
same absolute increment in neural firing rate. According to this assumption, neural firing
rate would increase to some level at masker onset, and the addition of a given signal
increases that firing rate by a fixed amount, yielding a certain ratio of neural firing due to
the signal-plus-masker stimulus relative to the neural firing due to the masker-alone
stimulus. After the masker has been on for some time, however, the neurons have
undergone some adaptation and are firing at a lower rate in response to the masker. When
that same signal is presented after neural adaptation has occurred, causing the same
absolute increase in neural firing rate, the resultant ratio of firing associated with the
signal-plus-masker to masker-alone is greater, leading to better signal detection. This
monaural overshoot effect appears to be in conflict with the results from the binaural
detection studies of McFadden (1966), where the change in detection performance with a
masker fringe was only found under binaural listening conditions (e.g., N0 Sπ ) but not
when the stimulus parameters were diotic (N0 S0 ), which would be comparable to the
monaural conditions examined by Zwicker (1965). In a localization task, the subject is
required to localize the target at the beginning of the masker in the pulsed condition,
where there is presumably reduced detectability due to overshoot and potentially a
decrease in localizability, but at the end of the masker in the fringe condition, where
neural firing associated with the masker has undergone adaptation and thus the signal is
most detectable. Thus, based simply on monaural overshoot, one would predict better
performance in conditions that include a masker fringe than when the target and masker
are pulsed on and off simultaneously.
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Stimulus Uncertainty
While it has been argued that the improvement in detectability with a masker fringe
is attributable to the change in interaural parameters at signal onset, an alternative, but
related, hypothesis suggests that masker fringe allows a listener to become familiar with
the specific characteristics of the masker (McFadden, 1966; Yost, 1985). That is, when the
fringe is identical to the masker (e.g., same spectrum and interaural parameters), it
provides a preview of what the masker will be and thus a cue that may allow the listener to
more easily determine what portion of the subsequent stimulus is the masker and what is
the target. Said differently, masker fringe can reduce stimulus uncertainty. The role of
stimulus uncertainty has long been a topic of auditory research and there exists an
extensive literature examining the role of both target and masker uncertainty in auditory
perception. However, the consequences of stimulus uncertainty for task performance
appear to vary a great deal depending on stimulus complexity and the specifics of the
required task.
Target Frequency Uncertainty. There is substantial evidence in the literature that
uncertainty about the parameters of a target stimulus plays an important role in task
performance. Much of the early work on stimulus uncertainty focused on questions
concerning the influence of target frequency uncertainty (Creelman, 1960; Green, 1961).
In general, the effects of uncertainty were found to be rather modest. For example, Green
(1961) found that detection thresholds for a tonal signal were elevated by roughly 3 dB
when the frequency of the target was varied over a range of 0.5 kHz to 4.0 kHz relative to
the case in which the signal frequency was known and fixed across trials. Slightly larger
effects of uncertainty were seen with more complex stimuli and more complicated tasks
(e.g., thresholds were elevated by roughly 3-6 dB in an intensity discrimination task;
Spiegel, Picardi, & Green, 1981).
Target Spatial Uncertainty. More recently, a number of studies have demonstrated
the benefits associated with reducing the spatial uncertainty of a target signal. In tasks
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measuring speech intelligibility in the presence of competing signals, several researchers
have shown that a priori knowledge regarding the location of the target speech signal,
resulting from either fixing the location of the target or cueing the location of the target on
a trial-by-trial basis, can lead to substantial improvements in speech intelligibility
(Koehnke, Besing, Abouchacra, & Tran, 1998; Ericson, Brungart, & Simpson, 2004;
Kidd, Arbogast, Mason, & Gallun, 2005; Brungart & Simpson, 2007; Best,
Shinn-Cunningham, Ozmeral, & Kopco, 2008). Cueing the target location has also been
shown to improve performance in other tasks such as the recognition of pitch patterns
(Arbogast, Mason, & Kidd, 2002) and the identification of the tonal characteristics of a
target (Mondor & Zatorre, 1995).
Reducing spatial uncertainty by cueing the location at which a subsequent spatial
judgment will need to be made has also been shown to improve performance. For
example, Spence and Driver (1994) found that cueing the Left/Right hemisphere in which
a Front/Back discrimination is required reduced reaction times and improved
performance. Sach, Hill, and Bailey (2000) measured the effect of spatial cueing on a
listener’s ability to discriminate between two lateralized stimuli that either had the same
interaural time difference (ITD) or had ITDs that differed by some threshold amount.
Using a probe-signal paradigm (after Greenberg & Larkin, 1968), they found that ITD
discrimination thresholds were reduced when the location (left or right side of the head) at
which the discrimination was required was cued. In a related study, Chandler, Grantham,
and Leek (2005) measured the minimum audible angle (MAA) for a 1.0-kHz tone under
conditions of varying spatial uncertainty and found that when subjects were informed of
the region within which the judgment about the MAA would be required, the MAA was
reduced relative to the case in which there was uncertainty about where the stimuli would
be presented.
Masker Uncertainty. When the stimulus uncertainty is associated with the masker,
a wide range of effect sizes have been demonstrated depending on the task and the stimuli
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employed. The effects of uncertainty regarding the voice characteristics of competing
talkers in speech recognition tasks have been found to be relatively small (Brungart &
Simpson, 2004; Freyman, Helfer, & Balakrishnan, 2007). On the other hand, experiments
that have examined the impact of varying the frequencies of the components in a
multi-tone masker have shown relatively large (Spiegel & Green, 1981; Wright & Saberi,
1999) and sometimes very large (>40 dB) changes in the detectability of a fixed
frequency target in both simultaneous (Neff & Green, 1987) and non-simultaneous
(Watson, Kelly, & Wroton, 1976) masking situations. Moreover, providing an actual
preview of the masking stimulus prior to a masked detection task can improve signal
detectability substantially (Richards & Neff, 2004).
Few studies have examined the impact of uncertainty regarding the spatial
parameters of a masker and most have demonstrated relatively small effects. For example,
Fan, Streeter, and Durlach (2008) measured the detectability of a target with an ITD of 0
µs in a masker consisting of three noise samples, with each sample having an ITD greater
than 200 µs or less than -200 µs, to create a protected spatial region around the target in
which the masker samples could not occur. (Note that an additional experiment was also
conducted using virtual audio techniques to generate sounds at various virtual locations on
the horizontal plane with a protected region created between -15◦ and +15◦ in azimuth).
The target and individual masker samples were all low-frequency (300-800 Hz) random
noise samples. They found that detection thresholds were elevated by 2-4 dB when the
ITDs of the individual noise samples were varied across trials relative to the case in which
those ITDs were fixed, suggesting relatively modest effects of masker spatial uncertainty.
Even smaller effects of masker spatial uncertainty have been found when the task involved
the identification of a target speech signal in a field of competing speech signals.
Specifically, Jones and Litovsky (2008) found that varying the spatial configuration of
competing speech signals in a multitalker stimulus had no effect on the identification of a
target speech signal. Note, however, that in their task the location of the target was fixed
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and known in all conditions. Thus, the benefit associated with the reduced target spatial
uncertainty may have obscured any effects of masker uncertainty.
There is some evidence that when the judgment to be made about the stimulus is
spatial in nature (rather than a detection or recognition judgment, as was the case for the
previously described studies), the relation between task performance and masker spatial
uncertainty may be more apparent. Kopco et al. (2010) measured a listener’s ability to
localize a female target speech signal presented concurrently with four competing male
talkers all presented on the frontal horizontal plane. In one condition, the locations of the
competing talkers were fixed in one of several configurations across trials, and in the other
condition the locations were randomly varied from trial to trial. They found that
localization errors were reduced overall when the listener had a priori knowledge about
the locations of the competing talkers relative to the case in which no a priori knowledge
was provided. Although the size of this effect varied somewhat with the specific spatial
configuration of the competing talkers and relative locations of the target and maskers,
RMS localization errors were reduced by 0.5◦ to 2.0◦ (15% to 35%) when averaged across
all target locations.
The Role of Masker Fringe in Reducing Spatial Uncertainty
In the studies described above, masker spatial uncertainty was minimized by fixing
the spatial configurations of the competing stimuli from trial to trial. Another way masker
spatial uncertainty can be reduced is by providing a spatial cue regarding the location of
the masker. Presumably, a masker fringe that comes from the same location as the
subsequent masker should provide a priori knowledge about the spatial location of the
masker. Given this assumption, the improvement in localization performance with a
masker fringe found by Simpson et al. (2009a) may be, at least in part, attributable to a
reduction in masker spatial uncertainty. This is consistent with the suggestion by Braasch
and Hartung (2002) that the information a listener obtains during a distracter-only interval
(i.e., analogous to a masker fringe) is comparable to having a priori knowledge of the
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distracter location. Thus it appears likely that, for the localization of a target in the
presence of a masker, masker fringe may be effective at reducing masker spatial
uncertainty.
One way to examine the potential for masker fringe to reduce spatial uncertainty is to
measure the reduction in localization errors that occurs when a fringe is added to a pulsed
masker and compare this to the reduction in errors that occurs when the subject is
informed about the location of the masker (i.e., by telling her/him where it will come from
and/or by presenting the masker from the same location on every trial). This comparison
was made by Simpson et al. (2009b) in a study in which they measured the localization of
a click-train target in noise, with and without a masker fringe, under conditions of low
spatial uncertainty and high spatial uncertainty. In the low-uncertainty conditions, the
masker or fringe-plus-masker stimulus was presented from directly in front of the subject
on every trial (the Fixed Masker condition). In the high-uncertainty conditions, the
location of the masker or fringe-plus-masker stimulus was randomly varied from trial to
trial across a set of 13 locations distributed in space around the subject (the Variable
Masker condition).
The results from this study are shown in Figure 1.2. As can be seen, localization
errors were lower overall in the Fixed Masker condition than in the Variable Masker
condition. That is, it appears that knowing the location of the masker improved
localization performance for the target. The presence of the 500-ms masker fringe greatly
reduced angular errors in the Variable Masker condition (by approximately 27◦ ), which
may have resulted in part from the fringe cueing the masker location, thus reducing spatial
uncertainty on a trial-by-trial basis. However, a reduction in localization errors
(approximately 14◦ ) was also observed in the Fixed Masker condition when the fringe was
added. It appears that even when the masker location was known, masker fringe improved
localization performance, suggesting that the fringe may have some additional effects
beyond cueing the location of the masker.
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Figure 1.2: Mean localization errors, averaged across subjects and across two signal-tonoise ratios (-5 dB and -10 dB), plotted as a function of the duration of masker fringe
(forward and backward). Each line represents a different level of masker spatial uncertainty
(Variable, Fixed). Error bars represent ±1 standard error of the mean across subjects. Data
replotted from Simpson et al. (2009b).
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One possible explanation for the difference between the 0-ms and 500-ms fringe
conditions in the Fixed Masker condition is related to the onset effects described in the
detection literature. Based on the binaural detection literature, the fringe might provide a
baseline set of interaural parameters (identical to the masker), against which the change in
interaural parameters that occurs at signal onset is more readily detected. That is, in this
case, a change in spatial parameters provides a detection cue. This increase in
detectability could lead to better sound localization in the same way that increasing the
signal-to-noise ratio improves localization performance. In addition, based on what is
known about monaural detection, it is conceivable that because the presence of the masker
fringe effectively moves the onset of the masker to a point in time 500 ms before the onset
of the target, the neural adaptation (and subsequent reduced neural firing) to the masker
would make the sudden increase in firing associated with the target onset more detectable.
Predictions
In this dissertation, a listener’s ability to localize a target sound in the presence of a
noise masker is examined for a number of stimulus configurations designed to clarify the
role played by target-masker onset asynchrony in sound localization. The results from
previous studies in the literature, including data from our own laboratory, lead to a series
of questions around which we have developed our experimental design. The present study
is a replication and extension of Simpson et al. (2009b) that addresses some of the
limitations inherent in our previous work. Specifically, because the previous effects are
assessed as changes in localization errors (in degrees) and are not assessed as differences
in sound level (in decibels), it is difficult to directly compare these results to the results
from the detection literature. Therefore, the present study will examine performance at a
number of signal-to-noise ratios in order to generate psychometric functions, the mean of
which will be defined as the “threshold” for localization. These threshold values will be
compared across conditions in order to assess performance. In addition, this study will
examine localization under conditions of low masker spatial uncertainty for a number of
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masker locations, whereas the previous work examined performance in the low
uncertainty conditions for a single masker location.
Using the conditions previously examined by Simpson et al. (2009b) (i.e., 2 levels of
uncertainty crossed with 2 fringe durations), it is possible to generate some testable
predictions. If the assumption is made that the presence of masker fringe provides
comparable spatial information to the spatial information provided by fixing the location
of the masker within a block of trials, and further that the fringe provides no additional
information beyond that spatial cue, we would expect to observe the pattern of results
shown in the left panel of Figure 1.3. In this figure, predicted localization thresholds2 are
plotted as a function of the masker fringe configuration (No Fringe and Fringe) for cases
in which the masker location is fixed and known (Fixed Masker) and cases in which the
masker location varies from trial to trial (Variable Masker). As is depicted here, the Fixed
Masker No Fringe condition, Fixed Masker Fringe condition, and Variable Masker Fringe
condition would all be predicted to yield equivalent performance because information
regarding the location of the masker is similarly available in all three cases. Performance
is worse in the Variable Masker No Fringe condition because information about the
location of the masker is not available.
On the other hand, if the fringe provides additional information beyond simply
cueing the location of the masker, the pattern of results shown in the right panel of
Figure 1.3 (similar to the pattern of results obtained in Simpson et al., 2009b) might result.
That is, even though the location of the masker is known in the Fixed Masker No Fringe
condition, the addition of the fringe improves performance. Moreover, if in fact the fringe
provides this additional information, performance in the Variable Masker Fringe condition
would be expected to be better than in the Fixed Masker No Fringe condition.
In order to determine if the improvement in performance when going from No Fringe
to Fringe in the Fixed Masker condition is due to onset effects (either monaural or
2

The computation of localization thresholds is described in Chapter 3.
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Figure 1.3: Predicted effects of adding a forward masker fringe in the Fixed Masker and
Variable Masker conditions. The predicted results shown in the panel on the left were
generated based on the assumption that the only benefit of the fringe is to cue the location
of the masker. Predicted results shown in the panel on the right are based on previous data
shown in Figure 1.2 and assumes that the fringe cues the masker location, but also provides
additional benefits.
binaural), an additional condition will need to be examined – one that maintains the
spatial information available from the fringe but removes the onset cue. This configuration
is characterized by a burst of noise followed by a silent interval and then by a stimulus
interval in which the masker onset is simultaneous with the target onset. Such a condition
would cause a reintroduction of monaural overshoot and would eliminate any cues that
would otherwise be associated with the transition from one set of interaural parameters to
another at target onset (thus removing the binaural onset cue) because the interaural
baseline is no longer temporally adjacent to the masker.
So, if the additional benefit of the fringe suggested in Figure 1.3 is in fact due to
onset effects, the benefits should be eliminated by introducing the silent interval, and one
would predict a pattern of results that would resemble the pattern shown in the left-hand
panel of Figure 1.3. Performance in the Variable Masker condition should improve when
the location cue provided by the masker fringe is added, but performance in the Fixed
Masker condition should not change, because information about the location of the
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masker is inherent in the trial-to-trial consistency of the masker location.
In summary, it is clear from the previous discussion that there are at least two
possible reasons sound localization in noise is better when there is a masker fringe:
1) The fringe provides a spatial cue: When a masker fringe is present, it comes from
the same location as the masker, thus providing a cue to the listener about the location of
the subsequent masker.
2) The fringe leads to onset effects: The presence of a masker fringe results in a
temporal separation of the activity associated with the onset of the masker from that
associated with the onset of the target.
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CHAPTER 2
METHODS
Subjects
There were a total of 5 subjects (3 males, 2 females), ages 21-26 years, drawn from a
panel of long-term, part-time (20 hr/wk) listeners maintained in the Battlespace Acoustics
Branch at Wright-Patterson Air Force Base, who participated in this experiment. All had
clinically normal hearing (i.e., thresholds ≤15 dB HL from 0.125-8.0 kHz) as determined
by standard audiometric tests conducted in the Audiometric Testing Chamber at the Air
Force Research Laboratory, and all were paid for their participation in this study. Each of
the subjects had previously participated in other experiments on sound localization.
Apparatus
The study was conducted in the Auditory Localization Facility (ALF) at the Air
Force Research Laboratory at Wright-Patterson Air Force Base (Figure 2.1). This facility
consists of an anechoic chamber, the walls, floor, and ceiling of which are covered with
1.1-m thick fiberglass wedges to reduce echoes. Housed within this chamber is a geodesic
sphere, 4.3 m in diameter, with 277 Bose 11-cm, full-range loudspeakers mounted on its
surface. The set of loudspeakers used for this study (239 in total) surrounded the listener
(360◦ in azimuth and from -45◦ to +90◦ in elevation) and all were directed toward the
center of the sphere, where the listener’s head was positioned. This large, distributed set of
sound source locations reduces the potential for a subject to make categorical, rather than
absolute, judgments about location, as may be the case when more restricted sets of sound
source locations are tested. (Note: Those loudspeakers below an elevation of -45◦ were
not utilized in this study because the direct path to the listener from these loudspeakers
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was, in some cases, obstructed). Mounted on the front of each loudspeaker is a cluster of
four light-emitting diodes (LEDs). These LEDs were used to provide: 1) pre-trial visual
feedback regarding the orientation of the subject’s head; 2) within-trial sequence
information; and 3) post-trial visual feedback regarding the judged and actual target
locations.
Subjects were seated on a wooden bench that was affixed to an adjustable-height
platform in the center of the sphere. Each subject placed her/his chin upon a chinrest
attached to the bench in order to maintain a stable head position during stimulus
presentation. The height of the chinrest was adjusted for the subject’s comfort. The
subject’s head was positioned in the center of the sphere by adjusting the overall height of
the platform. The orientation of the subject’s head was measured by a headtracker
(Intersense IS-900 ultrasonic tracking system) mounted to an adjustable headband and
was continuously monitored. Similarly, a hand-held wand with ultrasonic tracking
capability was monitored for position and orientation by this tracking system. A trigger on
the underside of the wand served as a response button. This apparatus and the subject’s
position during stimulus presentation are depicted in Figure 2.2.
Stimuli
The target and masker employed in this study were selected in order to ensure that
both were broadband and equally localizable, but also discriminable from one another,
and thus, under appropriate conditions, easily segregated. Both of these stimulus relations
were confirmed prior to the initiation of this experiment in a number of pilot studies, some
of which are described in Brungart and Simpson (2008). The target, masker, and fringe
stimuli were generated on a trial-by-trial basis on a high-power computer workstation. A
detailed description of the stimuli employed in this study follows.
Target. The target signal was a 100-Hz train of 60-µs clicks, the phase of which was
randomized based on a uniform distribution of phase values between -. This stimulus was
filtered through a 0.2 to 14.5 kHz, fifth-order digital Butterworth filter (Matlab BUTTER
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Figure 2.1: The geodesic sphere in the Auditory Localization Facility at Wright-Patterson
Air Force Base. Loudspeakers mounted in metal enclosures are positioned at each of the
vertices.
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Figure 2.2: Subject seated on the bench mounted to the adjustable platform in the center
of the geodesic sphere in the Auditory Localization Facility. The band on the subject’s
head fixes the position of the ultrasonic headtracker to a position on the center of the head,
and the subject rests her/his chin in a chinrest in order to help maintain a stationary head
position and orientation during stimulus presentation. The subject is holding an ultrasonic
tracking wand that serves as a response device.
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and FILTER functions). The target signal was 60 ms in duration with 5-ms cos2 on/off
ramps. Previous results from our laboratory demonstrated that this type of signal leads to
localization performance (in quiet) that is comparable to the optimal performance
obtained with a broadband noise burst (Brungart & Simpson, 2008). Subjects perceived
the target as a buzzy sound with a pitch. This “pitchiness” contributed to its
discriminability from the masker.
Masker/fringe. The masker was a 60-ms Gaussian noise burst generated using the
RANDN function in Matlab. The masker had the same bandwidth (0.2 to 14.5 kHz) and
was filtered in the same manner (fifth-order digital Butterworth filter) as the target signal.
When the masker was immediately preceded by a silent interval, the masker onset and
offset were gated with 5-ms cos2 ramps in the same manner as the target signal. When the
masker was immediately preceded by a 500-ms masker fringe, a 560-ms burst of Gaussian
noise was generated (500 ms fringe + 60 ms masker). This noise was generated in the
same manner as that employed to generate the masker alone, had the same bandwidth as
the masker, and was gated similarly with 5-ms cos2 ramps. When the fringe was separated
from the masker by a 500-ms gap, a 500-ms burst of Gaussian noise was generated with
identical spectral characteristics to the masker, presented at the same level, and gated with
5-ms cos2 onset/offset ramps. The masker fringe always came from the same location as
the masker.
In order to remove any differential influence of the frequency responses of individual
loudspeakers on the stimuli, each stimulus was pre-convolved with the inverse transfer
function associated with the loudspeaker from which it would be presented, and a level
adjustment was applied in order to normalize for slight differences in the outputs of the
different amplifier channels. (Note: These filter functions were derived from a system
calibration that occurred immediately prior to the onset of this experiment; see Appendix
C for a description of this calibration procedure). The signals were then routed through a
24-bit, 96-kHz firewire audio interface (Mark of the Unicorn 828 mkII). From here the
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signals were passed via optical cable to a Behringer ADA800 for digital-to-analog
conversion. The outputs from the ADA800 were then sent to separate channels in a bank
of Crown Model CL1 power amplifiers. These amplified signals (i.e., one signal channel
and one masker/fringe channel) were directed to a custom-built, high-power
signal-switching system (Winntech) before each individual signal was routed to the
appropriate loudspeaker in the Auditory Localization Facility.
Masker configurations. Three different stimulus configurations are described below
and depicted in Figure 2.3. These configurations were selected in order to directly
examine the role of masker fringe in the localization of a target sound in noise.
The first configuration, shown in Figure 2.3a, is the “Pulsed” configuration, in which
the masker was pulsed on and off synchronously with the target. The second
configuration, shown in panel Figure 2.3b, is the “Fringe” configuration. Here, the noise
was turned on 500 ms prior to the onset of the target and turned off synchronously with
the target (thus creating a 500-ms forward masker fringe). Previous results from the
binaural detection literature (McFadden, 1966; Yost, 1985) have shown that a fringe with
a duration of 500-600 ms is sufficient to produce performance comparable to what has
been found with a continuous noise. Said differently, all of the benefit of having a forward
masker fringe is achieved when its duration is approximately 500-600 ms. The final
configuration is the “Gap” configuration, shown in Figure 2.3c, in which a 500-ms
Gaussian noise burst was presented, followed by a 500-ms silent interval, after which the
target and masker were presented synchronously. This noise burst presented prior to the
masker always came from the same location as the masker. The duration of the gap (500
ms) was selected based on results from Yost (1985), who found that the influence of prior
auditory stimulation on the detection of a signal in a masking noise was reduced or
eliminated when a gap of 500-ms or more was inserted between the fringe and the
signal-plus-masker stimulus.
These three stimulus configurations were selected specifically to examine the role of
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Figure 2.3: Stimulus conditions that were employed in this study. In each panel, the gray
(upper) trace is the target stimulus; the masker and fringe stimuli, both depicted in black,
appear on the lower trace. Panel a) depicts the “Pulsed” configuration; panel b) depicts the
“Fringe” configuration; panel c) depicts the “Gap” configuration.
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masker fringe for: 1) reducing spatial uncertainty and 2) establishing a context against
which onset effects associated with the target onset can occur. The Pulsed configuration
serves as a baseline condition in which there is no stimulus presented prior to the
target-plus-masker interval. The masker fringe in the Fringe configuration allows for the
possibility of onset effects as well as spatial cueing. Inserting the gap between the fringe
and the masker in the Gap configuration removes the onset cue but retains the spatial cue.
The results from the two configurations with masker fringe were compared to the data
from the baseline Pulsed configuration and to each other.
Spatial consistency. Two levels of masker spatial consistency were examined: Fixed
Masker and Variable Masker. In the Fixed Masker condition, the masker was presented
from a known location and remained fixed at that location throughout a block of trials,
thus resulting in low masker spatial uncertainty. In the Variable Masker condition, the
location of the masker was randomly varied from trial to trial across 239 loudspeaker
locations roughly evenly distributed throughout 360◦ azimuth and above -45◦ elevation,
resulting in high masker spatial uncertainty.
Masker locations. A number of masker locations were employed in both Fixed and
Variable Masker conditions, reducing the chance that the overall data would be influenced
by direction-specific masking effects (Good, 1994; Lorenzi et al., 1999). In the Variable
Masker condition, the location of the masker was randomly selected on a trial-by-trial
basis from among the 239 loudspeaker locations utilized in this study. On any given trial,
each loudspeaker had an equal probability of being selected and it was assumed that, over
the course of the experiment, all loudspeakers would be selected at roughly the same rate.
No effort was made to ensure that each location was chosen an equivalent number of
times. An examination of the distribution of loudspeakers from which the masker was
presented in this condition found that the distribution of loudspeaker selections was
essentially uniform. These locations are depicted graphically in Figure 2.4.
In the Fixed Masker condition, the location of the masker (or fringe-plus-masker)
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Frontal Hemifield

Rear Hemifield

Figure 2.4: Graphical representation of the 239 masker locations employed in this study.
The panel on the left shows those loudspeakers in the frontal hemifield that were used, as if
looking directly at the front of the sphere (0◦ azimuth, 0◦ elevation) from outside of it. The
panel on the right shows the same information for rear-hemifield locations, as if viewing
the back of the sphere (180◦ azimuth, 0◦ elevation) from outside of it.
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was known by the subject and remained fixed throughout the entire block of trials. Recall
that in the earlier study by Simpson et al. (2009a), only one masker location (0◦ azimuth,
0◦ elevation) was utilized in the Fixed Masker condition. Based on the results from our
pilot research, as well as data from Good (1994) and Lorenzi et al. (1999), the
effectiveness of a masker depends in part on its location. Lorenzi et al. (1999) suggest that
a masker positioned directly in front of a subject, which was the location of the masker in
the study of Simpson et al. (2009a), may be a less effective masker overall, which could
lead to better performance in the Fixed Masker condition and thus an inflated difference
between the Fixed and Variable Masker conditions. In order to reduce the impact of a
particular masker location on the data, 8 different masker locations were selected for the
Fixed Masker condition, and localization performance was averaged across these masker
locations. This was accomplished in the following way. First, 10 locations were selected five pairs of locations, each pair symmetrically located about the median plane. The
locations were distributed throughout the sphere such that one loudspeaker from each
octant was included. So, for example, a loudspeaker at 55◦ azimuth, 44◦ elevation is
symmetric about the median plane with a loudspeaker at -55◦ azimuth, 44◦ elevation.
Assuming that these symmetric locations would result in comparable (but symmetric)
performance, only one of each left/right pair was included for testing in the Fixed Masker
condition. In addition to these five loudspeakers, loudspeakers located directly in front of
the subject and directly behind the subject on the horizontal plane, as well as the
loudspeaker located directly above the subject, were included. These locations are
depicted graphically in Figure ?? and their coordinates are listed in Table 7.2 of Appendix
F3 . At the beginning of each block of trials under the Fixed Masker condition, one of these
8 locations was selected as the masker location. This location remained constant
throughout the entire block of trials.
3

Note that the loudspeakers located directly to the right of the listener and directly over the head of the
listener appear in both the Frontal and Rear Hemifield views.
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Frontal Hemifield

Rear Hemifield

Figure 2.5: Graphical representation of the 8 masker locations employed in this study. The
panel on the left shows those loudspeakers in the frontal hemifield that were used, as if
looking directly at the front of the sphere (0◦ azimuth, 0◦ elevation) from outside of it. The
panel on the right shows the same information for rear-hemifield locations, as if viewing
the back of the sphere (180◦ azimuth, 0◦ elevation) from outside of it.
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Target locations. The target could be presented from any of 64 loudspeaker
locations distributed throughout a region of the sphere surrounding the subject in azimuth
(360◦ ) and extending from -45◦ to +90◦ in elevation. The specific distribution of target
loudspeakers utilized is depicted graphically in Figure 2.6.

Frontal Hemifield

Rear Hemifield

Figure 2.6: Graphical representation of the target loudspeaker locations employed in this
study. The panel on the left shows those loudspeakers in the frontal hemifield that were
used, as if looking directly at the front of the sphere (0◦ azimuth, 0◦ elevation) from outside
of it. The panel on the right shows the same information for rear-hemifield locations, as if
viewing the back of the sphere (180◦ azimuth, 0◦ elevation) from outside of it.
Signal-to-noise ratios. In most of our previous research a small set of
signal-to-noise ratios was selected and examined across all conditions. Performance in
each condition was quantified as degrees of localization error and the magnitude of
localization errors was compared across listening conditions at the same signal-to-noise
ratio. This approach has at least two potential problems: 1) because performance varies
substantially across conditions, it is likely that ceiling and/or floor effects limit the
accuracy of comparisons; 2) because average angular error cannot be computed for
binaural detection data, where most of the relevant work on masker fringe has been
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conducted, the results cannot be directly compared to those observed in the detection
literature. Therefore, in order to more easily compare performance in the conditions under
examination in this study to one another (and to the binaural detection literature), we
generated 4- to 6-point psychometric functions that were designed to bracket
approximately 35◦ to 40◦ of average angular error. In so doing, we were able to make
comparisons between psychometric functions for different conditions (in decibels). In
order to guide the selection of signal-to-noise ratios for each subject and condition, and
ensure that psychometric functions in different conditions were likely to be parallel
(making comparisons across functions meaningful), pilot data were collected (see
Appendix D) to determine the range of signal-to-noise ratios that would be examined
during formal data collection. Initially, only four signal-to-noise ratios were selected for
each level of uncertainty. However, as data collection progressed, it quickly became clear
that additional levels of signal-to-noise ratio were needed in order to adequately
characterize the psychometric functions in some conditions (these levels are shown in
Table 2.1). Note that custom software developed in-house using Matlab was employed for
data collection. This software allows for additional levels of variables to be added during
data collection. When a level is added, the randomization process employed for
randomizing the conditions during data collection adjusts the a priori probability of a
particular condition being selected on a given block so that those conditions added later in
the experiment (i.e., new signal-to-noise ratios) have a greater probability of being
selected. This allows the condition to ‘catch up’ to the data collection progress made in
other conditions. Table 2.1 depicts parameter values in each condition tested, including
the level of spatial consistency (Fixed, Variable), fringe duration (0 ms, 500 ms),
fringe-masker gap duration (0 ms, 500 ms), and signal-to-noise ratios examined in that
condition (in dB).
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Table 2.1: Experimental Conditions
Experimental Conditions
Condition
1

Masker
Consistency
Fixed

Fringe
Duration
0 ms

Gap
Duration
0 ms

Signal-to-Noise Ratios
-13, -8, -3, 2, 7

2

Fixed

500 ms

0 ms

-13, -8, -3, 2

3

Fixed

500 ms

500 ms

-13, -8, -3, 2

4

Variable

0 ms

0 ms

–3, 2, 7,12

5

Variable

500 ms

0 ms

-13, -8, -3, 2, 7,12

6

Variable

500 ms

500 ms

-8, -3, 2, 7,12

Quiet

-

-

-

-

Procedure
Each subject sat on a wooden bench affixed to the platform in the center of the
geodesic sphere in the Auditory Localization Facility with her/his head positioned in the
center of the sphere. At the beginning of each trial, the subject was required to place
her/his chin on the chinrest, which facilitated proper orientation toward the loudspeaker
positioned directly in front (0◦ azimuth, 0◦ elevation), where an LED cluster would be
activated when this orientation was achieved. Once the appropriate head orientation was
achieved and maintained, the subject pressed a button on the response box to indicate a
readiness to begin. This triggered the stimulus presentation, during which subjects were
required to remain in a fixed position. After the stimulus presentation, subjects were
required to point a hand-held tracking device at the perceived location of the target signal
and depress a button on the device to record the localization response (see Figure 2.7). An
LED ‘cursor’ was slaved to the hand-held device such that the LED cluster associated
with the loudspeaker to which the subject was pointing was activated. During this
response interval, subjects were encouraged to remove their heads from the chinrest in
order to accurately and comfortably orient the pointer toward the desired response
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location. After the response, feedback was provided by activating the LED cluster at the
actual target location. The next trial in a sequence was not presented until the subject
acknowledged this feedback, returned to the chinrest, re-oriented to the loudspeaker at 0◦
azimuth, 0◦ elevation, and pressed the response button indicating she/he was ready for the
next stimulus presentation. Although these trials were subject-paced, subjects nevertheless
progressed through the trials at about the same rate, with each block requiring
approximately 5-6 minutes to complete. Prior to the beginning of each block of trials, the
subject was given a detailed description of the stimulus condition under investigation for
that block including the level of masker spatial consistency (Fixed or Variable) and the
specific masker configuration (Pulsed, Gap, or Fringe).
Trial/block sequence. Only one masker configuration (Pulsed, Gap, or Fringe), one
level of masker spatial consistency (Fixed or Variable), and one signal-to-noise ratio were
tested in a single block. Each block consisted of 67 trials, the first 3 of which were
intended to allow the subject to become familiar with the stimulus, although the subjects
were not informed of this fact. Those 3 trials were subsequently discarded. The remaining
64 trials, one trial at each of the 64 possible target locations, were used in the data
analysis. In a typical half-hour listening session, 4 blocks were completed, with short
breaks between each block. Typically, subjects participated in two half-hour sessions
separated by at least one hour each day. Subjects participated in the experiment 4-5 days
per week in general over a 10-week period.
In the Fixed Masker condition, 64 trials were collected for each subject at each
signal-to-noise ratio in each masker configuration for each of the 8 loudspeaker locations
tested, for a total of 6656 Fixed Masker trials per subject. Similarly, in the Variable
Masker condition, 8 64-trial blocks were run at each signal-to-noise ratio in each masker
configuration for a total of 7680 Variable Masker trials per subject. (Note that the number
of trials in the Fixed and Mixed Masker conditions differed because the number of
signal-to-noise ratios tested in each condition differed). In addition, for each subject, 5
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Figure 2.7: Photograph depicting a subject seated in the middle of the geodesic sphere
responding by pointing the hand-held wand at the perceived location of the target stimulus.
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64-trial blocks were collected in a control condition in which the target was presented in
quiet (i.e., no masker), for a total of 320 target-only trials per subject. In total, 14,656
trials were collected for each of 5 subjects for a grand total of 73,280 trials. (Note that a
programming error was discovered during data collection that resulted in some blocks
containing fewer than 64 trials. These blocks were eliminated and data were recollected in
the conditions of the eliminated blocks for inclusion in the final data analysis).
Performance was measured and compared across many conditions in this experiment.
Thus, to reduce the potential for time-order effects, all of the conditions were examined as
a part of a single study, and the order of these conditions was randomized across subjects.4
Training. Prior to the start of formal data collection, subjects had extensive training
in a localization task with stimuli that were similar to, or identical to, those utilized in this
experiment. Specifically, they localized a 60-ms target in the Pulsed, Gap, and Fringe
masker configurations, under Fixed and Variable Masker conditions, at multiple
signal-to-noise ratios. In addition, they received practice localizing the target when
presented in isolation. This enabled them to become familiar with the specifics of the
procedures employed in this study as well as become familiar with the types of stimuli
that would be used. This training took place over a series of several weeks.

4

Although target-only trials were presented during training, the target-only trials included in the analysis
were collected at the end of the study
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CHAPTER 3
RESULTS AND DISCUSSION
The focus of this study was to examine localization performance as a function of
spatial uncertainty and masker configuration, and any effects associated with the specific
masker locations were not of interest here. Thus, the data from the Fixed Masker
condition were averaged across the 8 masker locations employed in that condition and in
each masker configuration (Pulsed, Gap, and Fringe), and the data from the Variable
Masker condition were averaged across all 239 masker locations employed in that
condition. The results are presented in the following section.
Computing “Threshold” for Localization
In the present study, performance was measured in each of the conditions at multiple
signal-to-noise ratios in order to establish “thresholds” of localization, which were
subsequently compared across experimental conditions. Localization performance at these
signal-to-noise ratios, as well as the procedure for computing these threshold values, are
described below.
Error as a function of signal-to-noise ratio. Figure 3.1 shows RMS localization
errors averaged across subjects in the Left/Right dimension (leftmost column), Front/Back
dimension (middle column), and Up/Down dimension (rightmost column), plotted as a
function of signal-to-noise ratio in the Fixed Masker condition (top row) and the Variable
Masker condition (bottom row). In each panel, data depicting performance for each of the
masker configurations - Pulsed (open circles), Gap (gray triangles), and Fringe (black
squares) - are shown. The mean localization performance for a target presented in quiet
(Q) is depicted in each panel by the light gray diamond. Also note that, as described in the
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Methods section, the range of signal-to-noise ratios at which performance was measured
differed across conditions. This was done so that psychometric functions could be fit to
these data in order to facilitate comparisons of performance across conditions. (The
process of fitting the psychometric functions is described in the next section).
Left/Right

Front/Back

Up/Down

75
Pulsed
Gap
Fringe

RMS Error

60

45
Fixed
Masker

30

15

0
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45
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Figure 3.1: RMS errors plotted as a function of signal-to-noise ratio for the Fixed Masker
condition (top row) and the Variable Masker condition (bottom row) in the Left/Right (leftmost column), Front/Back (middle column), and Up/Down (rightmost column) dimensions.
In each panel, data from the Pulsed configuration (open circles), Gap configuration (gray
triangles) and Fringe configuration (black squares) are depicted. Results from localization in quiet (Q) are depicted by the gray diamond in each panel. Error bars represent ±1
standard error of the mean across subjects.
As can be seen in each panel of Figure 3.1, localization errors decrease as the
signal-to-noise ratio increases, approaching the performance obtained when the target was
presented in quiet. This was true in all three masker configurations, at both levels of
spatial consistency, and in all three spatial dimensions. In the Quiet condition, localization
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errors in the Left/Right dimension were lowest; errors in the Up/Down dimension were
slightly larger; and errors in the Front/Back dimension were largest. This pattern of results
across spatial dimensions, as well as the general magnitude of the errors, is consistent with
the results from previous studies on sound localization in both single- and multi-source
environments (see, e.g., Wightman & Kistler, 1989; Good & Gilkey, 1996; Simpson,
2002). In general, these relations remained when the target was presented in noise,
particularly at positive signal-to-noise ratios. At the lowest values of signal-to-noise ratio
examined, errors in the Up/Down dimension were actually slightly lower than those in the
Left/Right dimension. This was at least in part due to the fact that the range of available
locations in the Up/Down dimension is smaller than the ranges of locations in the
Left/Right and Front/Back dimensions, and thus the value of localization error
representing chance performance in that dimension is lower than in the other spatial
dimensions. Poorest performance (i.e., the greatest localization error) in this dimension is
therefore constrained by this limited range of possible responses. Under both Fixed and
Variable Masker conditions and in all spatial dimensions, performance was, in general,
best in the Fringe configuration, slightly worse in the Gap configuration, and worst in the
Pulsed configuration.
Fitting psychometric functions. Psychometric functions were fit to the data using
cumulative normal ogives employing a least-squared error method utilizing the
FMINSEARCH function in Matlab (Mathworks), which minimized the sum of the squared
errors between the actual data and the best-fitting curve. Although the typical dependent
measure with which to work when fitting psychometric functions is the probability of a
particular response varying between clear theoretical limits, the dependent measure in this
experiment was localization error, which has no such limits. Consequently, the lower and
upper bounds of the curves had to be established as additional parameters of the fit.
Localization performance in the quiet condition was used to represent the best possible
performance (the lower bound of localization error); theoretical chance localization
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performance5 was assumed to represent the worst possible performance (the upper bound
of localization error). In each case, the values representing best performance were
established separately for each individual subject in the Left/Right, Front/Back, and
Up/Down dimensions; the values representing chance performance were established
separately in each of the three spatial dimensions and these values were applied to the data
from all subjects equivalently. The psychometric functions were constrained to asymptote
to these upper and lower bounding values. The range of each psychometric function was
normalized to values between 0 and 1 for input into the NORMCDF function in Matlab
(Mathworks) for generation of the normal ogive associated with each set of parameters.
The values of the upper and lower bounds used to constrain the psychometric functions as
well as the mean of each psychometric function, are shown in Table 3.1. Note that, as
previously mentioned, chance localization performance for the Up/Down dimension was
lower than chance performance in the other spatial dimensions. This was due to the fact
that the range of possible target locations in the Up/Down dimension was 135◦ (i.e.,
between -45◦ and +90◦ ) as compared to the range of location in the Left/Right and
Front/Back spatial dimensions (180◦ ; i.e., between -90◦ and +90◦ ).
In Figure 3.2, the results depicted in Figure 3.1 are replotted with the computed
psychometric functions fit to the data for the Pulsed configuration, the Gap configuration,
and the Fringe configuration6 . As in Figure 3.1, the top row represents data from the Fixed
Masker condition and the bottom row represents data from the Variable Masker condition.
The slopes of the psychometric functions are roughly parallel across conditions and across
spatial dimension with the exception of those in the Up/Down dimension, which are
somewhat shallower than those in the other two spatial dimensions as a result of the
smaller range of possible locations available in this dimension. Values of r2 , a measure of
goodness of fit for these psychometric functions, were all greater than 0.97.
5

The value of chance performance that was used was determined in each spatial dimension separately by
computing the RMS error between all possible pairs of locations, each pair representing an actual location
and a potential response location.
6
Data and normal fits for individual subjects are shown in Appendix E.
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Table 3.1: Lower and Upper Bounds and Mean Values (in degrees) of the Psychometric
Functions for Each Subject
Dimension

Subject
1
2
Left/Right
3
4
5
1
2
Front/Back
3
4
5
1
2
Up/Down
3
4
5

Lower Bound
10.40
6.58
9.05
9.66
7.36
16.43
11.80
16.17
21.71
14.28
13.90
8.97
9.42
13.02
10.80

44

Mean
34.79
32.88
34.12
34.42
33.27
37.62
35.31
37.49
40.26
36.55
30.08
27.62
27.84
29.64
28.53

Upper Bound

59.19

58.81

46.26

One possible way to compare localization performance across conditions is to select
a particular level of localization error and determine the signal-to-noise ratio required to
obtain that error value in each condition. However, this approach has problems because
one runs the risk of choosing an error value that, when compared across conditions,
represents very different regions on the psychometric functions. For example, an error of
35◦ might occur on a relatively shallow part of the psychometric function describing
localization errors in one condition but near the steepest part of the psychometric function
in another condition. Similarly, the point at which this chosen value of localization error
falls on the psychometric function will vary from subject to subject and, in some
conditions examined, there existed no single value of localization error at which the
performance could be compared across all subjects without extrapolating. Therefore, in
order to best compare performance across conditions, the value of signal-to-noise ratio
corresponding to the midpoint on the psychometric function (i.e., the mean of the
cumulative normal) was designated as the “threshold” for localization. This value was
determined in each condition, within spatial dimension, and for each individual subject. It
is these threshold values that were used to compare performance across conditions.
Threshold Data
Thresholds for individual subjects. The derived thresholds in the Left/Right,
Front/Back, and Up/Down dimensions for each individual subject are plotted in
Figure 3.3. The Fixed Masker conditions are represented by open symbols and the
Variable Masker conditions are represented by filled symbols. Within each level of
uncertainty, the three masker configurations are depicted as follows: the circle represents
the threshold signal-to-noise ratio in the Pulsed configuration (i.e., no prior stimulation, or
0 ms on the abscissa); the triangle represents the threshold signal-to-noise ratio in the Gap
configuration (a 500-ms masker fringe followed by a 500-ms silent gap occurring prior to
the target-plus-masker stimulus); the square represents the threshold signal-to-noise ratio
in the Fringe configuration (a 500-ms forward masker fringe presented immediately prior
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Figure 3.2: Data replotted from Figure 3.1 with psychometric functions fit to the data as
described in the text. As before, data are plotted as a function of signal-to-noise ratio in
the Fixed Masker condition (top row) and the Variable Masker condition (bottom row) in
the Left/Right (leftmost column), Front/Back (middle column) and Up/Down (rightmost
column). In each panel, fits to the data from the Pulsed, Gap, and Fringe configurations
are depicted. Results from localization of the target in quiet (Q) are depicted by the gray
diamond in each panel.
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to the target-plus-masker stimulus). Threshold values depicted in Figure 3.3 for all
subjects, in all conditions, are also shown in Table 3.2.
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Figure 3.3: Threshold signal-to-noise ratio values plotted as a function of fringe duration.
The top, middle, and bottom rows depict the results in the Left/Right, Front/Back, and
Up/Down dimensions respectively, and each column represents data for one subject (S1 S5). Within each panel, data from the Variable Masker condition are depicted by the filled
symbols and data from the Fixed Masker conditions are depicted by the open symbols.
Circles represent threshold signal-to-noise ratio values in the Pulsed configuration, triangles represent threshold signal-to-noise ratio values in the Gap configuration, and squares
represent the threshold signal-to-noise ratio values in the Fringe configuration.
What is immediately apparent in Figure 3.3 is the degree to which data from the
individual subjects are similar to one another. This was somewhat surprising given the
very large individual differences that have been found in studies examining stimulus
uncertainty (Neff & Dethlefs, 1995). Although differences in the magnitude of the
thresholds exist between subjects, the same pattern of performance across masker
configurations and levels of uncertainty is exhibited by all subjects , suggesting that the
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Table 3.2: Individual Subject Threshold Signal-to-Noise Ratios (in dB) in Each Experimental Condition
Fixed
Masker

Variable
Masker

Dimension

Subject

Pulsed

Gap

Fringe

Pulsed

Gap

Fringe

Left/Right

1

-5.34

-6.35

-10.26

3.37

-2.61

-9.55

2

-8.45

-8.23

-13.83

3.49

-6.80

-11.86

3

-10.56

-10.40

-14.92

1.46

-6.33

-13.65

4

-7.30

-8.43

-12.67

2.65

-6.74

-10.65

5

-5.93

-7.96

-9.98

1.49

-3.95

-8.68

1

-0.19

-1.61

-4.69

3.85

0.71

-4.97

2

-0.37

-1.80

-5.93

3.47

-0.39

-4.98

3

0.70

-2.11

-7.30

3.69

1.66

-5.75

4

-0.51

-1.93

-6.29

2.36

-1.17

-7.00

5

2.46

0.13

-3.92

3.77

3.10

-2.50

1

-2.48

-4.31

-8.65

2.59

-0.77

-7.12

2

-2.34

-3.36

-8.17

3.27

-1.11

-7.77

3

-3.15

-5.48

-10.91

2.39

-2.33

-8.50

4

-0.57

-2.73

-7.63

2.73

-1.17

-6.57

5

-0.10

-1.80

-5.47

3.47

2.16

-3.76

Front/Back

Up/Down

48

experimental conditions are influencing sound localization similarly for all subjects.
Because of these similarities, subsequent discussions will focus primarily on the mean
thresholds.
Mean thresholds. Threshold signal-to-noise ratios, averaged across subjects, are
plotted in Figure 3.4. Thresholds in the Left/Right dimension are depicted in the leftmost
panel, thresholds in the Front/Back dimension are depicted in the middle panel, and
thresholds in the Up/Down dimension are depicted in the rightmost panel. As in
Figure 3.3, each panel shows the data from all 3 masker configurations (Pulsed, Gap, and
Fringe) at both levels of masker spatial consistency (Fixed and Variable).
Within each spatial dimension, these threshold signal-to-noise ratios were subjected
to a 3 (masker configuration) × 2 (level of masker spatial consistency) repeated measures
analysis of variance (ANOVA). In the Left/Right dimension, there was a significant main
effect of masker configuration, F(2,8) = 188.37, p < .0001, and a significant main effect of
spatial consistency, F(1,4) = 288.48, p < .0001. There was also a significant masker
configuration × spatial consistency interaction, F(2,8) = 42.80, p = .0001. Similarly, in the
Front/Back dimension, significant main effects were found for masker configuration,
F(2,8) = 240.22, p < .0001, and spatial consistency, F(1,4) = 45.95, p = .0025. There was
also a significant masker configuration × spatial consistency interaction, F(2,8) = 6.36, p
= .0222. Finally, in the Up/Down dimension, significant main effects were found for
masker configuration, F(2,8) = 259.78, p < .0001, and spatial consistency, F(1,4) =
101.18, p = .0005, and there was a masker configuration × spatial consistency interaction,
F(2,8) = 18.00, p = .0011.
At the outset of this study, there were a number specific comparisons of interest and
several predictions regarding the relative performance in the various conditions. As
described below, tests for statistical significance were conducted for each of these planned
comparisons with an alpha level set to .05. Bonferroni corrections were applied in all
post-hoc comparisons. The first part of the following discussion will be focused on a
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Figure 3.4: Threshold signal-to-noise ratios plotted as a function of the duration of the
masker fringe. In each panel, data in the Variable Masker condition are shown by the
filled symbols and data from the Fixed Masker conditions are shown by the open symbols.
Circles represent data from the Pulsed configuration; triangles represent data from the Gap
configuration; and squares represent data from the Fringe configuration. Error bars are±1
standard error of the mean across subjects.
detailed examination of the results in the Left/Right dimension (leftmost panel of
Figure 3.4), where the differences across conditions are most apparent.
Left/Right localization. At the beginning of this experiment, the assumption was that
uncertainty regarding the location of a masker would have a substantial influence on
localization performance. Specifically, it was predicted that presenting the masker from a
fixed and known location across a block of trials would lead to lower target localization
errors (i.e., lower localization thresholds) relative to the case in which the masker location
was varied across trials. This was indeed the case. When the target and masker were gated
on and off simultaneously and the masker location was varied from trial to trial (Variable
Masker Pulsed condition, depicted by the filled circle in Figure 3.4), localization
performance was poorest, with an average threshold of approximately 2.5 dB. When that
same masker configuration was employed but the masker location remained fixed across a
block of trials (Fixed Masker Pulsed condition, depicted by the open circle in Figure 3.4),
the average threshold was reduced by 10.0 dB. The difference between these two
50

thresholds was found to be significant, t(4) = 11.13, p < .0001. Thus, subjects were able
to utilize the reduction in uncertainty about the location of the masker to more accurately
localize the target. Although this general result was anticipated, the size of the effect was
larger than what was expected based on previous results from other laboratories. For
example, in the speech localization study by Kopco et al. (2010), fixing the spatial
configuration of the competing speech stimuli reduced localization errors overall in
azimuth, but the effects were small (0.5◦ to 2.0◦ ) as compared to those reported here,
which were in some cases 20◦ or more in the Left/Right dimension. Moreover, Kopco et
al. (2010) found that the effect of fixing the maskers varied substantially with the
particular masker configuration employed. It is difficult to know for certain why the
results from the present experiment are larger than those found by Kopco et al. (2010).
One possible explanation is that their study involved the presentation of multiple
competing sources from multiple, distributed locations, whereas the current study
involved the presentation of only one competing source. Hearing out and localizing a
target in a multi-masker stimulus is likely a more difficult task than localizing a target in
the presence of only a single competing source (see, e.g. Simpson et al., 2006). Moreover,
although knowledge about the masker location may help, it may be more difficult to use
this information from multiple maskers simultaneously. That is, if a listener’s knowledge
of a masker location enables them to somehow suppress that location and thus reduce
interference from that masker, suppressing the interference from multiple masker
locations would likely be much more difficult than suppressing the interference from a
single masker. This may be particularly true when the multiple maskers are widely
distributed throughout auditory space. In fact, Kopco et al. (2010) reported that when the
distribution of maskers occurred within a limited spatial region (e.g., all to one side of a
listener), the ability of listeners to localize the target improved substantially, suggesting
that it was somehow easier to reduce the interference from one region of space than it was
from multiple regions of space. Additional evidence for this argument may be seen in the
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results of a study on speech intelligibility by Brungart, Iyer, and Simpson (2007) in which
they found that when a target talker was presented with two simultaneous competing
talkers, performance was much better when the two competing talkers came from a single
location than when they were spatially distributed. The authors interpreted these results to
suggest that a listener was better able to suppress the output of a single location (even if
two talkers originated from that location) as compared to their ability to suppress
information from two spatially-separated locations. Thus, in the experiment of Kopco et
al. (2010), it seems likely that the benefit from knowing the locations of the competing
sources may have been reduced when interference from a more spatially-distributed set of
sources had to be suppressed.
Based on the results from the detection literature as well as the studies by (Simpson
et al., 2009b, 2009a), it was predicted that providing a forward masker fringe would also
help to improve sound localization in noise over the case in which the target and masker
had synchronous onsets and offsets. This prediction was supported by the results from this
experiment. Specifically, a 500-ms forward masker fringe presented immediately prior to
the target-plus-masker stimulus (the Fringe configuration) substantially reduced
thresholds relative to the Pulsed configuration. This was true for both the Fixed and
Variable levels of masker spatial consistency. In the Fixed Masker condition, the threshold
in the Fringe configuration (open square in Figure 3.4) was reduced by 4.8 dB relative to
the threshold in the Pulsed configuration, t(4) = 18.01, p < .0001. In the Variable Masker
condition, the effect of adding a forward masker fringe was substantial, and the threshold
in the Fringe configuration (filled square in Figure 3.4) was 13.4 dB lower than the
threshold in the Pulsed configuration, t(4) = 14.34, p < .0001. So, although the presence
of a masker fringe seems to help at both levels of masker spatial uncertainty, the greatest
benefit is obtained under conditions of high spatial uncertainty (Variable Masker
condition). In fact, the addition of a forward masker fringe improved performance to such
an extent in the Variable Masker condition that the mean threshold was reduced nearly to
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the level of that found when the fringe was added in the Fixed Masker Fringe condition
(i.e., to within 1.5 dB; filled and open squares in Figure 3.4). Nevertheless, a comparison
of these thresholds reveals that the difference between these two fringe conditions is
statistically significant, t(4) = 5.94, p = .004. Because spatial information is the only
dimension along which the Fixed Masker Fringe and Variable Masker Fringe conditions
differ, the disparity regarding the size of the effect in the two conditions suggests that the
masker fringe is providing some information that, at least in part, is spatial.
It is important to note that the size of the difference in thresholds between the Pulsed
and Fringe configurations in the Fixed Masker condition (approximately 5 dB) is
comparable to the Pulsed-Fringe difference reported in the binaural detection literature
(McFadden, 1966; Yost, 1985). However, in the Variable Masker condition, the
Pulsed-Fringe threshold difference was much greater than what was found in the early
detection studies. Although it is not immediately clear why this would be so, it is likely
related to the similarity between the masker parameters in the detection studies and those
in the Fixed Masker condition of the present study. Specifically, in the studies of
McFadden (1966), the masker spatial parameters were fixed and diotic (N0 ) across a block
of trials; similarly, in the present study, the spatial location of the masker remained
constant in the Fixed Masker condition. Thus, in both cases, uncertainty regarding the
spatial parameters of the masker was low. On the other hand, the spatial properties of the
masker in the Variable Masker condition changed from trial to trial (i.e., the masker
location changed). This variation in masker location, which presumably led to greater
masker spatial uncertainty than what had been true in the detection studies, may in part
explain the much larger difference in threshold between the Pulsed and Fringe
configurations (approximately 13 dB) in the Variable Masker condition.
While the addition of a 500-ms forward masker fringe was expected to facilitate
localization, it was predicted that a silent gap inserted between the fringe and the
target-plus-masker stimulus would reduce the benefit of this fringe. Indeed, the results
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from this study indicate that when a 500-ms silent interval was inserted between a masker
fringe and the target-plus-masker stimulus (the Gap configuration), thresholds were found
to be elevated relative to the Fringe configuration. In the Fixed Masker condition, the
500-ms gap (open triangle) resulted in a significant increase in threshold (4.1 dB) relative
to the Fringe configuration, t(4) = 3.48, p < .05. Under the Variable Masker condition,
having the 500-ms gap between the masker fringe and the target-plus-masker stimulus
(filled triangle) led to a significant (5.5 dB) increase in threshold relative to the Fringe
configuration, t(4) = 4.59, p < .05. This elevation of the threshold in the Gap
configuration relative to the Fringe configuration in both Fixed and Variable masker
conditions suggests that some of the information in the masker fringe, which was
exploited by the listener in the Fringe configuration, was lost when the silent interval was
inserted between the fringe and the target-plus-masker stimulus. As discussed earlier, it is
likely that the masker fringe in the Gap configuration provides a spatial cue to the listener
about the location of the masker. However, because the fringe no longer occurs
immediately prior to the target-plus-masker stimulus, onset cues otherwise available with
the introduction of the target are no longer present. This loss of onset information could
account for the higher threshold in the Gap configuration.
Although the silent gap was expected to degrade performance relative to the case in
which the fringe occurred immediately prior to the target-plus-masker stimulus, the fringe
provided in the Gap configuration was expected to provide a spatial cue to the subject
about the masker that would result in better performance relative to the Pulsed
configuration. In the Variable Masker condition, the mean threshold in the Gap
configuration was significantly (7.8 dB) lower than the threshold measured in the Pulsed
configuration, t(4)=8.29, p = .001, suggesting that the fringe present in the Gap
configuration did provide some information to the subjects that they could utilize for
localizing the target. In the Fixed Masker condition, however, evidence for a substantial
benefit of the masker fringe in the Gap configuration was no longer apparent as it had
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been in the Variable Masker condition. The thresholds in the Fixed Masker Pulsed and
Fixed Masker Gap configurations were not significantly different from each other, t(4) =
1.78, p = .149. That is, when the masker location was fixed across trials (and thus masker
spatial uncertainty was low), subjects obtained little or no benefit from the location cue
provided by the masker fringe in the Gap configuration. Taken with the results described
above, these data strongly suggest that at least part of the information provided by the
fringe in the Gap configuration was spatial in nature. If the spatial information provided
by the fringe was fully redundant with the spatial information that comes from fixing the
masker location, one would expect performance in the Variable Masker Gap condition to
be equivalent to performance in the Fixed Masker Pulsed condition (and, indeed,
equivalent to the Fixed Masker Gap condition as well). However, the threshold in the
Variable Masker Gap condition was significantly higher than the threshold in the Fixed
Masker Gap condition t(4) = 5.09, p = .007, and also higher than the threshold in the Fixed
Masker Pulsed condition t(4) = 3.66, p = .022, suggesting that the spatial information
from the cue may not be equivalent to the spatial information associated with fixing the
masker location across trials. Thus, even though subjects were benefiting from the spatial
cue provided on every trial by the fringe in the Gap configuration, they were able to obtain
some additional benefit from the fact that the masker remained in the same location across
an entire block of trials in the Fixed Masker condition. It is possible that even if the spatial
information provided by fixing the masker location is identical to the information
provided by cueing the location, getting multiple samples of that spatial information in the
Fixed Masker condition (that is, multiple trials containing a masker presented from the
same location) could be useful. These issues will be discussed further in Chapter 4. The
fact that no difference was found between the Pulsed and Gap configurations in the Fixed
Masker condition suggests that, under conditions of low masker spatial uncertainty, no
additional spatial information is provided by the 500-ms fringe. That is, it appears that
reducing spatial uncertainty by fixing the masker location provides all of the spatial
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information required by the subject to achieve best performance in this task.
Comparisons across spatial dimensions. As stated previously, the patterns of results
describing the effects of uncertainty and masker configuration are, in general, similar
across the Left/Right, Front/Back, and Up/Down spatial dimensions. Although no specific
predictions were made regarding the relative impact of the different masker configurations
across spatial dimension, there are, nevertheless, a number of specific comparisons that
appear to reveal important phenomena and should be considered.
First, thresholds in the Variable Masker Pulsed condition in the Left/Right,
Front/Back, and Up/Down dimensions are approximately equivalent to one another
(ranging from 2.5 dB to 3.4 dB). A one-way repeated measures ANOVA comparing the
threshold values across spatial dimension indicates that there was no effect of spatial
dimension in this condition, F(2,4) = .680, p = .456. It is not immediately obvious why
this should be so but it does not appear to reflect a limitation in performance (i.e., a floor
effect) as these threshold values do not represent extreme values on the psychometric
function. On the other hand, the mean threshold in the Fixed Masker Pulsed condition is
much lower in the Left/Right dimension than in the other two spatial dimensions. This
low threshold leads to a larger disparity in the Left/Right dimension between thresholds in
the Variable Masker Pulsed and Fixed Masker Pulsed conditions (10.0 dB) than that seen
in the Front/Back (3.0 dB) and Up/Down (4.6 dB) dimensions. It is also the case that, in
the Variable Masker condition, the threshold difference between the Gap configuration
and Pulsed configuration is much larger in the Left/Right dimension (7.8 dB) than is the
Gap-Pulsed threshold difference in the Front/Back dimension (2.7 dB) and Up/Down
dimension (3.5 dB). These larger threshold differences apparent in the Left/Right
dimension relative to the other spatial dimensions occur in situations in which the only
difference across conditions is in the level of masker spatial uncertainty. Specifically, in
the Pulsed configuration, the masker is presented from the same location across trials in
the Fixed Masker condition, thus providing a spatial cue, but no such spatial cue exists in
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the Variable Masker condition. Similarly, in the Variable Masker condition, the primary
difference between the Gap and Pulsed configurations is the presentation of the fringe in
the Gap configuration, which presumably provides a spatial cue regarding the location of
the masker. That these differences across listening conditions are larger in the Left/Right
dimension than in the other two spatial dimensions suggests that the effect of spatial
uncertainty is greatest in the Left/Right dimension.
In the Variable Masker conditions, the mean difference between the thresholds in the
Fringe and Pulsed configurations is 3-4 dB larger in the Left/Right dimension than it is in
the Front/Back and Up/Down dimensions. Similarly, the difference between the
thresholds in the Pulsed and Gap configurations is larger in the Left/Right dimension than
it is in the other spatial dimensions. Importantly, the differences in threshold between the
Gap and Fringe configurations (5.59 dB, 5.82 dB, and 6.10 dB in the Left/Right,
Front/Back, and Up/Down dimensions respectively) are not different from one another, as
shown by a one-way ANOVA comparing these differences, F(2,4) = .414, p = .674. Thus,
it is the larger difference between the Pulsed and the Gap configurations in the Left/Right
dimension that accounts for these other differences.
In the Fixed Masker conditions, the relationships between the Pulsed, Gap, and
Fringe configurations is consistent across spatial dimensions. Specifically, the differences
in thresholds between the Pulsed and Fringe configurations (4.82 dB, 6.04 dB, and 6.44
dB in the Left/Right, Front/Back, and Up/Down dimensions respectively) are the same in
all three spatial dimensions, F(2,4) = 4.07, p = .060. Similarly, differences in threshold
between the Pulsed and the Gap configurations (0.76 dB, 1.88 dB, and 1.81 dB in the
Left/Right, Front/Back, and Up/Down dimensions respectively) are the same across
spatial dimension, F(2,4) = 4.27, p = .055, as are the differences in threshold between the
Gap and Fringe configurations (4.06 dB, 4.16 dB, and 4.63 dB in the Left/Right,
Front/Back, and Up/Down dimensions respectively), F(2,4) = .414, p = .674. Note that the
equivalence of these threshold differences exists independent of the fact that the
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magnitudes of the thresholds, overall, differ across spatial dimension. That is, even though
thresholds in the Left/Right dimension are lower overall than those in the Front/Back and
Up/Down dimensions, the relationships among thresholds in the Fixed Masker condition
are consistent across these spatial dimensions.
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CHAPTER 4
POSSIBLE EXPLANATIONS AND RELATED PHENOMENA
The results described above provide clear evidence that the presence of masker fringe
helps a listener localize a target sound in a noise masker. There appear to be two types of
effects that contribute to this phenomenon. For clarity of discussion, the first is referred to
as a spatial effect (i.e., the benefit of “knowledge” of the masker location); the second is
referred to as an onset effect (i.e., the benefit that comes from temporally separating the
change in activity associated with the target onset from the change in activity associated
with the masker onset).
Spatial effects
Based on the data described in the previous section, spatial effects associated with
masker fringe appear to be much more pronounced in the Left/Right dimension than in the
Front/Back and Up/Down dimensions. This result is perhaps not surprising given what is
known about how information is encoded in the auditory system. A particular Left/Right
location, which corresponds to a particular interaural time difference (ITD), will be
represented in the medial superior olive by the activity of neurons tuned to that ITD.
Providing a priori information about the value of the ITD for the masker could help the
listener set up a spatial rejection filter in order to suppress information at that delay value.
Although the binaural detection, binaural modeling, and selective attention literatures
provide guidance on how such a low-frequency spatial filter might work, it is not as
obvious how knowledge of the masker location would be used to establish a filter that
enhances the effective signal-to-noise ratio in the mid- to high-frequency region, where
Front/Back and Up/Down performance are mediated. Potentially the system could either
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use the received spectrum during the fringe period to construct a spectral template for the
masker, or recover a stored head-related transfer function (HRTF7 ) for a particular masker
location to construct such a spectral template. (These two mechanisms are likely to be
behaviorally equivalent in this task given the fact that the long-term masker source
spectrum is flat). This template could then be subtracted from the received spectrum
during the masker-plus-target interval to obtain a better estimate of the target-alone
spectrum. Such a masker template would be likely to be noisy because the received
spectrum during the fringe is based on noise; similarly, location estimates used to look up
a stored HRTF are likely to be less accurate in the Front/Back and Up/Down dimensions.
So, it is perhaps not surprising that the benefit of knowledge about the masker location is
smaller for the Front/Back and Up/Down dimensions than for the Left/Right dimension.
Direct cueing of the masker location versus fixing the masker location. In the
present experiment, there were two ways spatial information regarding the location of the
masker was provided: 1) fixing the masker location across a block of trials; and 2) directly
cueing the masker location on a trial-by-trial basis. Because the fringe had the same
spectral characteristics as the masker and came from the same location, it may be thought
of as an “iconic” cue (Hafter, Schlauch, & Tang, 1993), defined to be a stimulus that
matches the signal to be cued along all relevant parameters. In the detection literature, an
iconic cue used to reduce target frequency uncertainty was found to be the most effective
at reducing masking (Schlauch & Hafter, 1991; Hafter et al., 1993; Hubner & Hafter,
1995). Similarly, although fixing the location (i.e., the Fixed masker condition) did not
provide a direct cue, (i.e., it did not indicate the location of the masker immediately prior
to each individual trial), spatial information (in the form of knowledge of the consistent
spatial location of the masker) was present in the Fixed Masker condition. It was expected
7

A head-related transfer function, or HRTF, refers to the transformations that a waveform undergoes as
it travels from a sound source to a listener’s eardrum. These transformations result from interactions of the
waveform with the head, torso, and pinnae of a listener. These transformations are direction-specific, so
each HRTF is uniquely associated with a particular location in space. Presumably, a lifetime of listening
experience leads to some stored representation of these associations.
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that fixing the masker location and directly cueing the masker location on a trial-by-trial
basis would help to reduce uncertainty about the location of the masker, and this appears
to have been the case. It was further expected that the spatial information in each of these
stimulus conditions would be equivalent. However, a comparison of these conditions
suggests that this might not be the case. The mean threshold obtained in the Fixed Masker
Pulsed condition (in which the location of the masker remained fixed throughout a block
of trials) was lower than that obtained in the Variable Masker Gap condition (in which the
location of a masker varied from trial to trial but was directly cued prior to each trial),
suggesting that fixing the location of a stimulus is more effective at reducing spatial
uncertainty than providing a spatial cue prior to each stimulus (i.e., a direct cue). More
support for this notion can be seen by comparing the threshold for the Fringe
configuration in the Variable Masker condition to the threshold for the Fringe
configuration in the Fixed Masker condition (square symbols in Figure 3.4). Even though
the information in the two conditions would appear to be the same (i.e., in each situation
there exists both a spatial cue and an onset cue), the threshold in the Fixed Masker
condition is slightly (but significantly) lower than that in the Variable Masker condition.
This difference between thresholds obtained by directly cueing the masker location
on each trial and those obtained by fixing the masker location across trials appears to be
consistent with two recent studies by Best and colleagues (Best et al., 2008; Best,
Ozmeral, Kopco, & Shinn-Cunningham, 2010). They examined spatial selective attention
in a task requiring listeners to identify a four-digit target sequence in the presence of four
competing four-digit sequences. All four target digits either remained in a fixed spatial
position for the entire sequence or varied from loudspeaker to loudspeaker across a
five-loudspeaker array within a sequence (i.e., each new digit was presented from a
different loudspeaker), requiring listeners to switch attention from one location in space to
another in order to correctly identify the target. The location of the target digit was cued
(visually) by an LED activated at that location, either synchronously with the spoken digit
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or in advance of the digit. The results from this study indicated that performance was
better when all target digits in a trial came from the same location (fixed) than when the
target digits came from different locations (switching). Importantly, this was true even
when a listener received the visual cue indicating the location of each target digit up to
one second prior to its onset, or when the location of each digit differed but the sequence
of target speakers remained fixed across a block of trials. Moreover, when the target digits
originated from a fixed location, listeners’ ability to identify the digits was better for the
later-arriving digits than for the earlier-arriving digits. The authors explained these results
by employing a model of selective auditory attention in which a spatial filter is established
at a particular location and refined over time and over repeated presentations of a stimulus
at the same location. They suggest that the better recall of later arriving digits is a result of
the fact that it takes some time for this filter to be fully established. Further, the authors
suggest that there is a cost of disengaging attention from a particular stimulus event,
switching attention to a new event at a new location in space, and re-engaging the
attentional process.
The notion that a spatial attention filter takes time to establish is also supported by a
study conducted by Brungart and Simpson (2004), who found that it takes a relatively
long time (tens of trials) to sufficiently focus attention on a particular location in order to
obtain optimal performance in a multi-talker listening task when talker positions vary
dynamically. Similarly, Mondor and Zatorre (1995) found evidence that it takes some
amount of time to fully engage auditory attention on a particular spatial location. In their
task, they required listeners to identify a target sound (either a pure tone or tonal complex)
that was presented from a spatially cued location and found that response times and error
rates were reduced (i.e., performance improved) when the stimulus onset time between the
cue and the target increased. Specifically, their results suggest that it takes a delay
between the cue and target onsets of up to 600 ms in order to achieve the lowest response
times, and a delay of up to 1050 ms in order to achieve the lowest error rates. So, these
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data are consistent with the better performance we observed in the Fixed Masker Pulsed
condition of the present experiment relative to the Variable Masker Gap condition; that is,
the Fixed Masker conditions did not require attention switching from trial to trial and
allowed time for the spatial filter to be established and refined over trials.
A more detailed analysis of the data from the current study also suggests that it takes
time to establish a spatial filter. It was expected that under the Fixed Masker condition
subjects would be able to fully establish a spatial filter at the location of the masker in the
first few trials of each block (which, although unknown to the subjects, were practice trials
and were subsequently discarded) and thus no change in performance was anticipated
across trials within the block. In general this appeared to be the case, but there is some
evidence that, in certain conditions, a slight improvement did take place across the block.
In Figure 4.1, angular localization error (defined as the great circle error between the
actual target location and the response location) , averaged across all subjects, are plotted
as a function of the trial number in each masker configuration (Pulsed, Gap, and Fringe) at
each level of signal-to-noise ratio for the Fixed Masker condition. Pearson’s
product-moment coefficient of correlation (r) between the trial number (1 to 64) and the
angular localization error was computed using the CORRCOEF function in Matlab
(Mathworks). The resulting correlation values, as well as the slopes of the best-fitting
lines (s, in degrees/trial) computed using the POLYFIT function in Matlab (Mathworks),
are shown at the bottom of each panel. A negative slope is an indication that localization
errors were, on average, decreasing throughout the block. As can be seen, localization
errors did decrease somewhat across trials, but this change was small (a maximum change
of about 4.5◦ to 6.4◦ across the block). Nevertheless, some correlations were significant at
the lower signal-to-noise ratios. Specifically, in the Pulsed configuration, errors decreased
significantly at signal-to-noise ratios of -13 dB and -3 dB. In the Gap configuration, errors
decreased significantly at signal-to-noise ratios of -13 dB, -8 dB, and -3 dB. It is not
immediately clear why, in the Pulsed configuration, values of r were significant at
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signal-to-noise ratios of -13 dB and -3 dB but were not similarly significant at a
signal-to-noise of -8 dB, as was the case in the Gap configuration, but it is important to
note that the slopes in the Pulsed condition at -8 dB and -3 dB signal-to-noise ratios were
the same (.07◦ /trial). It appears from the scatter plot at the -8 dB signal-to-noise ratio level
that significance was not reached as a result of the slightly greater variability in the Pulsed
configuration at this signal-to-noise ratio. Nevertheless, these results appear to suggest
that, in more difficult listening situations, a subject’s ability to suppress the masker
improves over repeated presentations as a result of more effective spatial filtering. A
simple practice effect appears to be insufficient to describe these results as a similar
analysis in the Variable Masker condition reveals no systematic change in localization
errors across trials in any masker configuration, compatible with the idea that a spatial
filter may have continued to be refined throughout the block. Values of r were not
significant at the highest signal-to-noise ratios in the Pulsed and Gap configurations (2 dB
or 7 dB). Moreover, values of r were never significant in the Fringe configuration at any
level of signal-to-noise ratio. This latter result is important, for it suggests that the
asynchronous onsets in the Fringe configuration may have allowed the subject to more
easily “hear out” the masker from the target, presumably making it easier to localize both
stimuli and thus more effectively establish a spatial rejection filter at the masker location.
Suppression at the masker location. Importantly, most of the work on selective
attention and spatial filtering described in the previous section differs from the current
study in at least two ways that make it difficult to compare the results directly. First, the
cued and/or attended location in the studies by Best et al. (2008), Best et al. (2010), and
Brungart and Simpson (2004) was associated with the target stimulus. Thus, optimal
performance was expected when a listener was able to effectively focus attention on the
cued spatial location. In the current study, the information that is cued is the masker
location. In other words, listeners are being told “where not to listen” rather than “where
to listen.” Second, in the previous studies the response was to identify one or more speech
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Figure 4.1: Angular localization errors, averaged across all subjects, plotted as a function
of the trial number within a block. The top row represents data for the Pulsed configuration,
the middle row represents data for the Gap configuration, and the bottom row represents
data for the Fringe configuration. Each column represents the results for one signal-tonoise ratio (-13 dB to 3 dB). In each panel, best fitting lines are plotted. The slope of the
line and the correlation coefficient are indicated at the bottom of each panel. Each point
represents the mean angular error on a particular trial. r ≤ -.21 is significant.
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utterances. That is, although the spatial information provided in those studies enhanced
subjects’ ability to perform the task, the judgment required was not spatial. Here, the task
required the subject to use the spatial information provided to “suppress” or “ignore” the
masker while simultaneously recovering the spatial information associated with the target.
As previously discussed, several studies have demonstrated that a listener can benefit
from knowing the location of a target stimulus when presented in competing stimuli
(Koehnke et al., 1998; Ericson et al., 2004; Kidd et al., 2005; Brungart & Simpson, 2007;
Best et al., 2008). These studies suggest that a listener can utilize this spatial knowledge to
increase the effective signal-to-noise ratio in a particular auditory scene by maximizing
the target stimulus (e.g., through focused attention). Durlach et al. (2003) referred to this
listening strategy as Listener Max. It is also possible that a listener may increase the
effective signal-to-noise ratio in a complex acoustic scene not by enhancing the
information in the target, but rather by suppressing the information from the masker.
Durlach et al. (2003) referred to this listening strategy as Listener Min. In the current
study, a Listener Min strategy would be beneficial in those conditions in which
information regarding the masker location is provided (either through fixing or cueing the
masker location). Such a strategy should result in the establishment of a spatial rejection
filter focused on the masker location, thereby attenuating the output from that region of
space in order to better “hear out” and localize the target. One would predict that, for most
target-masker configurations, a strategy comparable to Listener Min should lead to better
performance. However, one would also predict that performance would be poor for those
cases in which the target is presented from locations very near the masker because the
spatial rejection filter established to suppress the masker could suppress the target signal
as well. It is difficult to determine if this is occurring in the present study, because when
the target and masker are in close proximity, a localization response toward either source
would result in relatively small errors.
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Onset Effects
A substantial improvement in performance is realized in the Fringe configuration
(where the target and masker onsets were separated by 500 ms) relative to either the
Pulsed or Gap configuration (where the target and masker onsets were simultaneous). One
of the goals of this research was to determine the specific contribution of this onset effect
to sound localization relative to the influence of spatial cueing. One approach to this is to
consider those conditions under which spatial uncertainty is low. In these conditions,
spatial information is essentially equal, so differences in threshold that exist across masker
configurations are likely attributable to some non-spatial cue. Recall that in the current
study, when the masker was presented from a fixed and known location (the Fixed Masker
condition), no additional benefit was obtained by subjects when they were directly cued,
on a trial-by-trial basis, about the location of the masker (i.e., the Pulsed configuration
versus the Gap configuration). In other words, presenting the masker from a fixed and
known location provides essentially all of the spatial information a subject can utilize in
this task. However, the threshold in the Fixed Masker Fringe condition (where the spatial
information should be about the same as in the the Fixed Masker Pulsed or Gap
conditions) is roughly 5 dB lower than in the Pulsed or Gap configurations, indicating a
potential onset effect. Another relevant comparison can be seen in the Variable Masker
condition, in which it is presumed that the Gap and Fringe configurations provide the
same spatial information, so the difference between the thresholds in these configurations
(roughly 5.5 dB) is also likely to be attributable to an onset cue that is available in the
Fringe configuration but not in the Gap configuration.
There are several potential explanations for the onset effects described above. First, it
is possible that these onset effects are due to monaural phenomena. As previously
discussed, Zwicker (1965) found that monaural detection thresholds are elevated when the
target occurs at, or near, the beginning of a masker onset, as compared to when the target
onset occurs well after that of the masker. Similarly, in the current study, localization
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thresholds were elevated in the Pulsed configuration, where the target and masker onsets
are simultaneous, relative to thresholds in the Fringe configuration, where the target onset
occurred well after the masker onset. Based on Zwicker’s results (which involved only
monaural conditions), one might assume that the results from the present experiment are,
in fact, due to monaural onset effects. However, Zwicker (1965) found that the monaural
overshoot effect was negligible for target signal durations longer than 10 ms, and was
greatest for high-frequency tonal targets presented in broadband noise maskers. The target
stimuli in the current study were much longer (60 ms) and were broadband. Thus it is
unclear how the onset effects demonstrated in the current experiment are related to this
monaural onset effect.
McFadden (1966), on the other hand, did not see improved performance with the
masker fringe under monaural conditions, but did under binaural conditions, and proposed
that it is the change in interaural parameters from some baseline (established by the
noise-alone portion of the stimulus; i.e., the fringe), which occurs at the target onset that
serves as the cue for binaural detection. This change is likely manifest as a shift in the
extent of the auditory image, or a shift in the location of the image. In the present
experiment, this increase in detectability could in turn result in better localization
performance. However, there are at least two problems with extending this explanation to
the present experiment. First, the change in spatial location or spatial extent envisioned in
the binaural detection literature does not necessarily provide an accurate cue to the target
location. Second, although it is reasonable to expect that increasing detectability should,
in general, increase localizability (as argued in the introduction), because McFadden’s cue
for detection is spatial in nature, the argument becomes somewhat circular (a change in
location leads to a change in detectability that leads to a “clearer” perception of location).
One might argue that, if the benefit of a masker fringe is primarily due to
low-frequency binaural onset effects, laterality (Left/Right) judgments (which are
mediated primarily by low-frequency interaural difference cues) should benefit more from
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a masker fringe than do judgments in other spatial dimensions. So, one would expect the
difference between the thresholds in the Gap and Fringe configurations (where such
differences may be attributed to onset cues) to be greater in the Left/Right dimension than
in the other spatial dimensions. However, the data from this study indicate that, in both the
Fixed Masker and Variable Masker conditions, the difference between the Fringe and the
Gap configurations is nearly identical across spatial dimensions, as reported in Chapter 3.
These results suggest that onset effects influence performance similarly in the Left/Right,
Front/Back, and Up/Down dimensions. Because the effects described by McFadden are
presumably mediated by low-frequency ITDs, they are not likely to lead to a parsimonious
explanation of the nearly equal onset effects observed across spatial dimensions.
Interestingly, the results from this study also indicate that the onset effect (i.e., the average
difference between the Gap and Fringe configurations) is larger in the Variable Masker
condition (5.84 dB) than in the Fixed Masker condition (4.28 dB), t(28) = 4.41, p = .0001.
It is not immediately clear why this small, but significant, difference exists, but it is
possible that the fringe provides better information about the location of the masker when
it is closer to the masker in time (i.e., no gap). This effect would be less evident in the
Fixed Masker condition than in the Variable Masker condition because, as previously
discussed, better spatial information is provided by fixing the masker location than by
directly cueing the masker location on each trial.
Despite the presumed role of onset cues when comparing the Gap and Fringe
configurations, one cannot rule out the possibility that the spatial information available to
the listener in the Gap configuration differs from that in the Fringe configuration. In the
current experiment, the duration of the fringe (500 ms) should be sufficient for a listener to
establish a good estimate of the spatial parameters of the masker (McFadden, 1966; Yost,
1985). However, there is reason to believe that some information provided by the masker
fringe may be lost when the fringe and the masker are separated by a 500-ms silent
interval. Support for this notion comes from the results of Yost (1985), who measured
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tone-in-noise detection as a function of the duration of a temporal gap between the offset
of a 500-ms fringe and the onset of a 20-ms target-plus-masker stimulus. He found that
thresholds systematically increased as the duration of this gap increased, out to 500 ms, at
which point thresholds were roughly equivalent to the case in which no fringe was
presented. Although it is not clear that the reduction in detectability found by Yost (1985)
resulted from a loss of spatial information per se, the change in threshold found in the
present experiment may have been in part related to a loss of spatial information. Lewald
and Ehrenstein (2001) found evidence that auditory memory for spatial location decays
over time. They measured auditory spatial working memory in a task requiring listeners to
indicate (through head pointing) the actual or remembered location of a sound source. In
the remembered condition, the time interval between the stimulus presentation and the
response was varied. They found that localization accuracy decreased as the duration of
this interval increased, suggesting that memory for the location was decaying over time.
However, this decay occured when the delay between the stimulus and response was on
the order of seconds, a much longer delay than the 500-ms silent interval in the Gap
configuration of the current experiment. The decrement in performance found by Yost
(1985) occurred for delays of hundreds of milliseconds, a time scale comparable to the
time scale in the present experiment8 . A related argument by Best et al. (2008) suggests
that it is necessary to maintain some stimulation in a particular spatial channel in order for
a listener to effectively attend to that channel. In the present study, it is possible that the
500-ms silent interval in the Gap configuration may have been sufficiently long to disrupt
the attentional focus required to perform the task.
Another hypothesis that was proposed by McFadden (1966) and Yost (1985) relates
to the fact that the listener may not be focusing primarily on the change in interaural
parameters per se, but rather is using the portion of the masker occurring prior to the
target-plus-masker stimulus to become familiar with the properties of the masker. This
8

A study examining the impact of gap duration on localization performance is planned.
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hypothesis is consistent with studies that have shown that a substantial release from
masking in a detection task may be realized when the listener is provided with a preview
of the masker (e.g., Richards & Neff, 2004). This issue is considered in Chapter 5, Future
Studies.
It is difficult to determine from the current data set whether monaural or binaural
onset cues are mediating performance. Indeed, both monaural and binaural mechanisms
may be relevant here. Note that the monaural overshoot effect is greatest for
high-frequency stimuli (see, e.g., Zwicker, 1965), and thus could provide cues that are
complementary to the low-frequency binaural cues. In general, however, making the target
more detectable through any mechanism, monaural or binaural, could potentially facilitate
localization in all spatial dimensions.
A third way to describe the observed onset effects is based on the well-known role of
stimulus onset asynchrony in the segregation of multiple concurrent sounds. Bregman and
colleagues (e.g., Bregman & Pinker, 1978; Dannenbring & Bregman, 1978) have shown
that asynchronous onsets can facilitate, or even oblige, segregation, whereas sounds with
synchronous onsets tend to be perceived as a single auditory event. This latter grouping
principle comes from the notion that a single entity will emit sound elements that appear
simultaneously (e.g., Bregman & Rudnicky, 1975; Darwin & Ciocca, 1992; Hukin &
Darwin, 1995), whereas sounds appearing in an auditory scene asynchronously are
generally produced by separate sources. In the current study, it is likely that the onset
asynchrony between the noise and the target in the Fringe configuration facilitated the
segregation of these two stimuli and thus led to better localization performance (Braasch
& Hartung, 2002; Braasch, 2002; Thurlow & Jacques, 1975). In the Pulsed configuration,
the simultaneous onsets and offsets of the target and masker are likely to hinder
segregation (i.e., the stimuli are more likely to be grouped together). This is particularly
true at the lower signal-to-noise ratios examined, where the “pitchiness” of the target may
be more difficult to hear, making it sound more noise-like and thus more like the masker.
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Without the ability to hear out two distinct sounds, target localization would be expected
to be poor.
Localization bias. Although it is clear that large differences exist in localization
performance across the conditions of the present study, it is important to determine not
just the magnitude of localization errors but also the nature of these errors. In some cases,
the distribution of localization responses for a given sound source location will be
characterized by a centroid near the location of the sound source with a distribution
roughly evenly distributed around the source location. This pattern of errors may be
thought of as merely a reflection of the limits of spatial acuity (i.e., localization blur;
Blauert, 1997). However, in other cases, the pattern of localization responses may be
characterized by a general shift of the response distribution relative to the actual position
of the sound source, suggesting that additional factors may be contributing to
performance. For example, as discussed previously, a number of researchers examining
the localization of a target sound in the presence of competing stimuli (e.g., Best, Schaik,
Jin, & Carlile, 2005; Good & Gilkey, 1996; Lorenzi et al., 1999; Langendijk, Wightman,
& Kistler, 2001; Brungart & Simpson, 2009) have found localization response patterns
that are biased toward the location of these competing stimuli (e.g., “pulling effects”). The
pulling effects appeared to be largest when the target and masker were spatially proximal
and, in particular, when signal-to-noise ratios were most unfavorable (Good & Gilkey,
1996; Langendijk et al., 2001), and may be attributable, in part, to the fact that the target
and masker become more difficult to distinguish from one another under these conditions.
In the present experiment, there is some evidence of localization biases under certain
conditions in the form of this “pulling” effect. These biases can be revealed in the
following way. First, if localization performance were perfect (that is, the subject
correctly judged the location of the target on every trial), the average angular distance
between the response locations and the target locations would be 0◦ , and the angular
distance between the response locations and the masker locations would be randomly
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distributed between 0◦ and 180◦ , varying as a function of the distance between the target
and the masker, with a mean of 88.5◦9 . This should in fact be true even if performance
were less than perfect, assuming the localization responses were evenly distributed around
the location of the target. However, if the responses were biased (or “pulled”) toward the
masker, the distance between the response locations and the masker locations would be
expected to be less than 88.5◦ on average.
In Figure 4.2, the mean distances between the response locations and the masker
locations are plotted as a function of signal-to-noise ratio in each masker configuration
(represented by the circles in each panel), as are the RMS angular distances between the
response locations and the target locations (i.e., angular error, as represented by the
squares in each panel). White symbols in each panel are for the Pulsed configuration, gray
symbols are for the Gap configuration, and black symbols are for the Fringe configuration.
Results from the Fixed Masker condition are shown in the left panel and results from the
Variable Masker condition are shown in the right panel. As the signal-to-noise ratio
decreases, the distance between the target and response locations increases in all masker
configurations; the smallest target-response distances were found in the Fringe
configuration, slightly greater distances were found in the Gap configuration, and the
greatest distances were seen in the Pulsed configuration. This was true for both Fixed and
Variable Masker conditions. As stated above, if the increase in target-response distance
was merely due to random responses (i.e., random error rather than a result of biases), one
would expect that the average distance between the masker and response locations
(circles) would remain roughly unchanged. In the Fixed Masker conditions (top three
curves represented by circles in the left panel of Figure 4.2) this is approximately what
was found. Although the RMS distances appear to be trending slightly downward as the
signal-to-noise ratio decreases, it is important to note that the expected value of the
9

This value, which represents chance performance, was calculated by computing the mean angular distance between all 64 target locations utilized in this experiment paired with all 239 masker locations employed
in the Variable Masker condition of this experiment.
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average distance is 88.5◦ , and even at the lowest signal-to-noise ratios these values are
indeed approximately 88.5◦ , and thus equivalent to what would be expected if localization
errors were randomly distributed. Furthermore, to the degree that the average distances
from response locations to masker locations do decrease as a function of decreasing
signal-to-noise ratio, this trend is most apparent in the Pulsed and Gap configurations and
essentially nonexistent in the Fringe configuration, suggesting that the presence of a
masker fringe helps to reduce any confusion between what is the target and what is the
masker. In addition, the average distance between the masker and the response is never
smaller than the average distance between the target and the response, indicating that the
subject is not, in general, responding to the masker rather than the target. The data shown
in the right panel of Figure 4.2, however, suggest that response biases are more prevalent
in the Variable Masker condition. Specifically, average distances between the masker
location and the response location decrease to a greater extent in this condition than in the
Fixed Masker condition as the signal-to-noise ratio is reduced. This is true in all three
masker configurations, but particularly in the Pulsed configuration, where
masker-response distances decrease to a value of roughly 65◦ at a signal-to-noise ratio of
-3 dB (the lowest signal-to-noise ratio examined under this condition). Importantly, the
distance between the masker and the response at this signal-to-noise ratio is smaller than
the distance between the target and the response. This indicates that the subjects’
localization responses are, on average, closer to the masker than to the target in this
condition. As suggested by Good and Gilkey (1996), when subjects are having trouble
hearing the target, they may merely assume it is nearer the location of the masker. The fact
that these biases are greatest at lower signal-to-noise ratios is consistent with this
argument. In addition, the fact that these biases are greatest in the Pulsed configuration
could be related to the reduced target detectability when the target and masker onsets are
simultaneous, as suggested by the detection literature. However, it may also indicate that
subjects are uncertain about which stimulus is the target and which is the masker. In
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general, these data suggest that there is greater localization bias when spatial uncertainty
is high but, importantly, this was reduced substantially when there was a masker fringe.
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Figure 4.2: RMS angular distances between the response location and the target (squares)
and masker (circles). The Fringe configurations are depicted by the filled black symbols,
the Gap configurations are depicted by the filled gray symbols, and the Pulsed configurations are depicted by the open symbols. Data in the left panel represent the Fixed Masker
conditions and data in the right panel represent the Variable Masker conditions. In the legend, TR represents the distance between the target location and the response location; MR
represents the distance between the masker location and the response location.
Additionally, in both the Fixed and Variable Masking conditions, it appears that at
higher signal-to-noise ratios, masker-response distances are slightly greater than what
would be predicted based on random responses. This suggests that listeners’ localization
responses are shifted away from the masker location at these more favorable signal levels,
indicative of a so-called “pushing” effect (see, e.g., Good, 1994; Lorenzi et al., 1999; Best
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et al., 2005; Brungart & Simpson, 2009). Good (1994) suggested that, in contrast to the
“pulling” effect, the “pushing” effect arises from the fact that, when subjects are able to
easily hear the target, they may assume that it is farther from the target location. In the
current experiment, these effects appear to be somewhat smaller in most cases than the
observed “pulling” effects.
Relation to informational masking. The literature on informational masking
provides a somewhat different language to describe some of these effects (see, e.g., Kidd,
Mason, Richards, Gallun, & Durlach, 2008). Informational masking may be loosely
defined as the change in threshold for a target signal presented in competing stimulation
that cannot be predicted by the spectral/temporal overlap of energy at the auditory
periphery. Presumably, the source of this non-energetic masking relates to the ability of
the masker to “distract” or “confuse” the listener. Two broad categories of stimulus
characteristics have been identified as being of primary importance in informational
masking – stimulus uncertainty and target-masker similarity (see, e.g., Durlach et al.,
2003; Freyman et al., 2007). As previously discussed, the impact of the change from the
Fixed Masker condition to the Variable Masker condition is to increase spatial uncertainty,
which could, in turn, distract the subject or otherwise lead to confusion (Durlach et al.,
2003), and, hence, the observed increase in threshold. The poor performance observed
with the Pulsed configuration likely results, in part, from a failure of segregation, because
the target and masker are too similar (i.e., they have simultaneous onsets and offsets). The
masker fringe has the potential to remedy both of these issues, thereby reducing
informational masking and leading to lower localization thresholds. By providing a spatial
cue, the masker fringe leads to a decrease in spatial uncertainty, thus reducing the
confusion associated with that uncertainty. Similarly, the fringe addresses the problem of
target-masker similarity by: 1) making the time course of the masker different from the
time course of the target; and 2) by providing a preview of the masking stimulus, so that it
may be more readily identified and distinguished from the target. On the other hand,
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Simpson, Gilkey, Brungart, Iyer, and Hamil (2011) demonstrated that introducing a fringe
that is not spatially informative (and thus does not reduce spatial uncertainty) was in fact
worse than not having a fringe at all. Specifically, they found that presenting a fringe from
a location that differs from the masker (i.e., a high spatial uncertainty case) led to greater
localization errors. This poorer performance may have been attributable to the fact that the
fringe drew the listener’s attention away from the masker (i.e., distracted the listener).
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CHAPTER 5
FUTURE STUDIES
The results from this study clearly demonstrate that both spatial effects and onset
effects play a role in the localization of a target signal in noise. However, there are a
number of questions regarding the nature of these roles as well as the influence of other
factors that should be examined. Several experiments are currently planned to examine
these issues.
Monaural versus binaural onset effects
Although the results suggest the importance of onset effects, the question of whether
they have a monaural source, a binaural source, or some combination of both was not
directly tested. Therefore, an experiment is planned to distinguish between these two
potential sources of the observed effects. A diffuse noise (generated by simultaneously
presenting uncorrelated noise from multiple locations distributed throughout the sphere)
will be employed as the masker fringe. In this condition, the fringe has no directionality
or, said differently, appears to come from all locations simultaneously, and therefore does
not provide a cue to the location of the subsequent masker, which will be presented from a
single location on the median plane. In this situation, the binaural system will see a change
in the parameters of the overall stimulus that results from both the signal onset and from
the simultaneous change from a diffuse to a directional noise (i.e., the change is no more
informative about the location of the target or the location of the masker than the change
from quiet to target-plus-masker). On the other hand, the change in interaural parameters
going from a diffuse fringe to a directional masker is “invisible” to the monaural auditory
system (i.e., there is no monaural change between fringe and masker) and the reduction in
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monaural overshoot expected with a directional masker fringe would also be expected
with a diffuse masker fringe. Thus, if monaural onset effects are important, listeners
should benefit from the presence of a diffuse fringe relative to the Pulsed condition.
Waveform Cueing
An alternative explanation for the improvement in performance with a masker fringe
is that the fringe provides the subject with a preview of the nonspatial parameters of the
masker waveform. Indeed, there is evidence from the detection literature that reducing
uncertainty regarding the characteristics of the masking stimulus leads to substantial
increases in detectability. Richards and Neff (2004), for example, found that providing a
preview of the masker improved monaural signal detection by roughly 14 dB over the case
in which no cueing occurred. Such a cue may allow a listener to determine, a priori, what
is not the signal. In fact, Richards, Huang, and Kidd (2004) found that a preview of both
the target and masker (as a simultaneous target-plus-masker stimulus) led to no release
from masking relative to the no-cue condition, suggesting that it was necessary to hear one
of the stimuli in isolation in order to distinguish it from the other stimulus. Results from
the study by Yost (1985) indicate that the effectiveness of a masker fringe for increasing
the detectability of a binaural signal was decreased as the spectrum of the fringe became
less similar to the spectrum of the masker. It is as if the fringe was providing a preview
regarding how the masker would sound.
The notion that the masker fringe is cueing the properites of the masker waveform is
compatible with auditory scene analysis and grouping mechanisms as described by
Bregman (1994) and others. That is, if the fringe waveform is the same as the masker
waveform and provides the subject with information regarding the properties of the
masker waveform (e.g., spectral content, temporal characteristics, etc), the subject may be
better able to determine which components of the target-plus-masker stimulus belong to
the target and which belong to the masker. This may enable subjects to more easily
segregate the two sounds and subsequently suppress the masker.
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In order to examine the degree to which the fringe provides cues about the masker
waveform, an experiment is planned in which the the masker fringe will provide spatial
cues, but be a waveform that differs from the masker waveform (e.g., a pulse train). This
fringe will be presented at the same level, for the same duration, and have the same
spectral characteristics as those in the present experiment, so any neural adaptation
contributing to monaural onset effects should be the same as in the present study. In
addition, the interaural parameters of the fringe will match those of the masker (i.e., the
fringe will come from the same location as the masker), so the transition in interaural
parameters associated with the target onset should be the same. The results from this
“different waveform” condition will be compared to the case in which the fringe and
masker are identical. If some of the benefit of the fringe is due to the preview of the
masker waveform itself (or because the masker is grouped with the fringe and so better
segregated from the target), using a different waveform for the fringe should lead to worse
performance than that found for a fringe having the same spectral/temporal characteristics
as the masker. If, however, the fringe waveform is relatively unimportant, and most of the
benefit of the fringe results from the spatial cue (and onset cue) it provides, a change in
this waveform should have no impact on performance and the pattern of results should be
the same as that found when the masker and fringe waveforms are the same.
Spatial Uncertainty
In the current study, two extreme levels of masker spatial variability were employed,
leading to different levels of stimulus uncertainty. When no other cues exist, the
information provided by fixing the location of the masker across trials (i.e., low spatial
uncertainty) leads to a large (approximately 10 dB) reduction in threshold relative to
varying the location of the masker across trials (i.e., high spatial uncertainty). One
hypothesis, discussed previously, is that knowing the location of the masker enables the
listener to establish a filter at that location to suppress the masker and better localize the
target. If this is indeed the case, one question of interest is, can a listener establish more
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than one such filter, and if so, how many filters can be established before performance is
no different than what would be expected in complete spatial uncertainty? In order to
address this question, an experiment will be conducted in which masker spatial
uncertainty will be systematically varied by fixing the masker at one location, or choosing
a masker location from among one of N locations (where N is 1, 2, 4, etc.), within a block
of trials. We will compare localization performance for a masker in a given location
across these different levels of uncertainty in order to quantify the cost of distributing
attention across multiple locations. Based on previous studies (e.g., Kopco et al., 2010), it
is anticipated that this cost will be high, but the shape of the function relating performance
to uncertainty is unknown.
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CHAPTER 6
SUMMARY
The data described above support and extend the results from preliminary studies
conducted in our laboratory demonstrating the benefit of a forward masker fringe when
localizing a target sound in noise. At the outset of this study, the way in which a masker
fringe actually helped a listener was unclear. However, as a result of this study, two
potential sources of this benefit have been identified – onset effects and spatial effects.
The onset effects appear to be related to the change in stimulation that occurs at the onset
of the target when going from a masker-alone stimulus to a target-plus-masker stimulus.
The spatial effects appear to be related to the fact that a masker fringe can reduce
uncertainty regarding the location of the masker. The benefit of masker fringe attributed to
a spatial effect is particularly apparent when the spatial location of the masker is not
known a priori (i.e, in the Variable Masker condition, where performance is worst).
The major findings of this study include:
1) The presence of a forward masker fringe facilitates the localization of a target
sound presented in a noise masker over the case in which the a target and masker are
pulsed on and off simultaneously with no prior stimulation. The benefit of this fringe was
greatest when it immediately preceded the masker, but was also observed when a 500-ms
silent interval was inserted between the offset of the fringe and the onset of the
target-plus-masker stimulus.
2) Providing the listener with information regarding the location of the masker, either
through fixing the masker location across a block of trials or by employing a masker
fringe to directly cue the location of the masker on a trial-by-trial basis, leads to better
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localization performance than the case in which no a priori information is provided.
3) Spatial information obtained from a situation in which the masker location is fixed
and known across a block of trials appears to be more effective than when that masker
spatial information is obtained from directly cueing the location of the masker on each
trial. Moreover, when the masker location is fixed throughout a block of trials (the Fixed
Masker condition), additional spatial information provided by cueing the masker location
is of no benefit to the listener.
4) Under some conditions, localization performance was found to improve
throughout a block when the masker location was fixed across trials. That is, in these
conditions, localization errors were lower on average at the end of the block than they
were at the beginning of the block. This result may reflect the fact that listeners were able
to “learn” the location of the masker over repeated presentations at that location, and/or
were able to refine a spatial filter centered at that location in order to suppress the
interference from the masker.
5) The benefit of spatial knowledge regarding the location of the masker is 4-5 dB
greater in the Left/Right spatial dimension than it is in the Front/Back and Up/Down
dimensions. This may suggest a binaural mechanism for recovering this spatial
information that does not exist monaurally.
6) When a masker fringe is presented immediately prior to a target-plus-masker
stimulus, a cue associated with the onset of the target leads to better localization
performance. The size of this onset effect is approximately 4-6 dB, a value that is
comparable to what has been found in the binaural detection literature when a forward
masker fringe is provided. This benefit may result from an increase in target detectability
resulting from asynchronous masker and target onsets. Such an improvement in
detectability has been demonstrated in both the monaural and binaural detection literature.
7) The perceived location of the target is biased toward the location of the pulsed
masker when masker spatial uncertainty is high, particularly at lower signal-to-noise
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ratios. This bias is greatly reduced or eliminated when the masker is immediately
preceded by a forward masker fringe.
8) Additional studies are planned in order to address several questions concerning the
role of masker fringe in sound localization that were not answered by the results from the
current study.
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CHAPTER 7
APPENDICES
Appendix A. Coordinate Systems
Throughout this dissertation, sound localization data from the current study, as well
as previous studies, are discussed in terms of one of two coordinate systems describing
spatial dimensions. These two coordinate systems are described below.
One-pole coordinate system (azimuth and elevation). It is often convenient to
refer to the locations of stimuli external to the head in terms of a spherical coordinate
system, with the origin at the center of the listener’s head. Figure 7.1 shows such a
system. The coordinates, azimuth and elevation are measured with respect to two planes
bisecting a listener’s head - the horizontal plane and the median plane. The horizontal
plane is parallel to ground (for an upright listener) and bisects a listener’s head at ear level.
The median plane bisects a listener’s head from front to back, perpendicular to the
horizontal plane.
An azimuthal coordinate of 0◦ refers to a point directly in front of a listener along the
median plane. The azimuthal coordinate of a sound source increases as the source is
moved clockwise in the right hemifield along a great circle on the horizontal plane, where
90◦ azimuth refers to a point directly to the right of a listener and 180◦ azimuth refers to a
point directly behind a listener on the median plane. As the sound source is moved
counterclockwise along the azimuthal circle from 0◦ azimuth, the coordinates are negative
(i.e., -90◦ refers to a point directly to the left of a listener).
The elevation coordinate of a sound source, drawn from the center of a listener’s
head, is the angle between the horizontal plane and the sound source. An elevation of 0◦
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refers to a location on the horizontal plane, an elevation of 90◦ refers to a location directly
above a listener, and an elevation of -90◦ refers to a location directly below a listener. That
is, the elevation coordinate is positive for sound sources above the horizontal plane and
negative for those below the horizontal plane.

Figure 7.1: Single-pole coordinate system describing locations in terms of degrees azimuth
and degrees elevation.
Three-pole coordinate system. An alternative to this one-pole coordinate system is
the three-pole coordinate system (Kistler & Wightman, 1992); see Figure 7.2. This
coordinate system is useful because it divides a sound localization response into
dimensions that are believed to be mediated by different cues.
Examining localization in each of these spatial dimensions separately allows
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Figure 7.2: Three-pole coordinate system describing locations in terms of degrees
Left/Right, degrees Front/Back, and degrees Up/Down.
researchers to more fully explore the relevant cues for sound localization. This system
utilizes three planes of symmetry, the horizontal and median planes, as previously
described, and a plane perpendicular to the horizontal plane, bisecting a listener’s head
along the interaural axis, known as the frontal plane. In the three-pole coordinate system,
the azimuthal position of a sound source is described in terms of a left/right (L/R)
coordinate and a front/back (F/B) coordinate. The L/R coordinate provides a measure of
the laterality of the location of a sound source or response, and is the angle between the
median plane and a vector pointing in the direction of the location from the center of the
sphere. It is believed that performance in this dimension is based primarily on interaural
cues. The F/B coordinate is a measure of how far a sound source is in front of or behind a
listener, and is the angle between the frontal plane and a vector pointing to the sound
source. Performance in this dimension is based primarily on gross spectral features in the
high-frequency region of the stimulus waveform, such as the lowpass filtering imposed on
a stimulus by the pinna flange. Dividing the azimuthal location of a stimulus into L/R and
F/B coordinates in this way ensures that the typically accurate performance in the L/R
dimension will not be obscured by the common occurrence of front/back reversals. The
up/down (U/D) coordinate is equal to the elevation in the previously described coordinate
system, and is simply the angle between the horizontal plane and a vector pointing to the
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location of the auditory image. It is believed that performance in the U/D dimension is
based primarily on direction-specific peaks and notches in the high-frequency region of
the stimulus waveform.
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Appendix B. Single Source Sound Localization
The Duplex Theory of Sound Localization, proposed by (Rayleigh, 1907), suggests
that interaural level differences (ILDs) and interaural time differences (ITDs) are the two
primary cues that contribute to the localization of a sound source in the L/R dimension.
The effectiveness of these cues depends on their physical magnitude and, for ITDs, on the
sensitivity of the auditory system, both of which are frequency-dependent.
Interaural level differences. High-frequency acoustic stimuli (≥ 3.kHz) have
wavelengths that are small relative to the diameter of the human head. When these stimuli
are presented in the free field, the head casts an acoustic shadow such that the stimulus
level at the contralateral ear (the ear on the side of the head opposite the sound source) is
attenuated relative to the stimulus level at the ipsilateral ear (the ear on the side of the head
nearer the sound source). The interaural level difference (ILD) generally increases in
magnitude as the magnitude of the L/R coordinate of a stimulus increases from 0◦ to ±90◦
and, for a given L/R coordinate, the ILD increases with increasing stimulus frequency.
ILDs greater than 20 dB occur for very high-frequency stimuli (6.0-10.0 kHz) presented
directly to the side of a listener (Feddersen, Sandel, Teas, & Jeffress, 1957; Middlebrooks,
Makous, & Green, 1989). The change in ILD that occurs when a change in the location of
a sound source is just noticeable (i.e., the minimum audible angle) is approximately 1 dB
(Mills, 1958), the just noticeable ILD for stimuli presented over headphones. The ILDs
for high-frequency stimuli far exceed this value. Thus, ILDs are believed to provide a
useful cue for localization of high-frequency stimuli in the L/R dimension. In contrast,
low-frequency stimuli (below 1.5 kHz) have wavelengths that are large relative to the
dimensions of a listener’s head. As a result, their diffraction patterns are such that
maximum ILDs at these low-frequency stimuli are small, and they are presumed not to
provide useful cues for localization.
Interaural temporal differences. When the path lengths from a sound source in the
free field to the two ears are different, the sound arrives at the ipsilateral ear before it
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arrives at the contralateral ear, creating an interaural time difference (ITD). For a sound
directly in front of the listener, the ITD is approximately equal to 0 (i.e., the sound arrives
at both ears simultaneously). As the magnitude of the L/R component of the sound source
increases, the magnitude of the ITD increases. For an average size head, the magnitude of
the ITD reaches a maximum of approximately ±700 s for sounds presented directly to one
side of the listener, though this exact value varies across listeners. It is important to note
that these maximum ITDs, although small, are quite large relative to the sensitivity of the
binaural auditory system. Specifically, listeners can detect an interaural time difference of
approximately ± 10 s (Klump & Eady, 1956) for sounds presented near the median plane.
An interaural difference in the time of arrival of the waveforms leads to a difference
in the onset time of the stimulus envelopes at the two ears. This onset cue can be used to
determine the L/R position of a low-frequency sound source. A difference in the time of
arrival of a waveform also leads to a frequency-dependent interaural phase shift in the
components of the stimulus. Several researchers have shown that listeners are sensitive to
ongoing phase differences in low-frequency stimuli in addition to onset differences and
can use them to lateralize an auditory stimulus accurately (Sayers, 1957; Yost, 1974; Yost,
Wightman, & Green, 1971; Zwislocki & Feldman, 1956). Sensitivity to interaural phase
decreases gradually as the frequency of a stimulus increases past approximately 1 kHz and
decreases rapidly for frequencies beyond 1.5 kHz (Mills, 1972; Zwislocki & Feldman,
1956).
There are at least two explanations for the frequency-dependent limitations on the
usefulness of temporally-based localization cues. First, for pure tones above
approximately 1.5 kHz, the wavelength of an auditory stimulus is less than the minimum
path length between a listener’s ears. Thus, the ongoing interaural phase difference
becomes ambiguous because the waveform at one ear may be phase-shifted by more than
one cycle relative to the waveform at the other ear, and the waveform that leads in phase
may not lead in time.
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Another explanation for why high-frequency temporal information does not provide
useful localization cues is found in the physiology of the auditory nervous system. When
the stimuli are low-frequency tones (below about 1.0 kHz), the firing pattern of an
auditory neuron is well synchronized to a particular phase of the stimulus (Rose, Brugge,
Anderson, & Hind, 1967). These “phase-locked” signals from the two ears travel along
the separate auditory pathways until they reach the medial superior olive (MSO), where
the temporal information from the two ears is compared (Goldberg & Brown, 1969) and
the interaural delay is encoded. However, phase-locking in the auditory nerve gradually
breaks down as the frequency of the stimulus increases above 1. 0 kHz. Above
approximately 1.5-2.0 kHz, the synchronization of the neuronal firing is no longer
sufficient for precise computation of ITDs based on the fine structure of the waveform.
Thus, the lack of sensitivity to high-frequency interaural phase differences in the auditory
system also serves as an upper limit on the usefulness of temporally based localization
cues.
The interaural difference cues are complementary and together are useful over nearly
the entire audible spectrum. That is, for low-frequency stimuli, ILDs are too small to
provide robust localization cues, but ITDs can be used. Similarly, for high-frequency
stimuli, ITDs are unreliable and not accurately encoded, but ILDs are of sufficient
magnitude to be useful. However, both ITDs and ILDs appear to be relatively ineffective
cues in the frequency region between approximately 1.5 and 3.0 kHz. ILDs in this region
are too small, and ITDs in this region cannot be recovered by the auditory system (Mills,
1958). The localization data from Stevens and Newman (1936) reflect this point. They
found that for pure tones, localization errors were relatively small in the low-frequency
and high-frequency regions, but were larger in the middle-frequency region.
Spectral cues. The gross interaural differences that appear to mediate sound
localization in the L/R dimension are not sufficient to account for localization
performance in the F/B and U/D dimensions. Indeed, for the idealized spherical head,
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there are sets of locations, known as a cones of confusion (Woodworth, 1938), which all
produce the same interaural difference cues. For example, a sound originating from (45◦
L/R, 45◦ F/B, 0◦ U/D) leads to interaural difference cues that are the same as a sound
originating from a location symmetric about the interaural axis (i.e., 45◦ L/R, -45◦ F/B, 0◦
U/D). Although a common type of localization error is to localize sounds to the wrong
position (e.g., wrong F/B or U/D coordinate) on the correct cone of confusion (i.e., the
correct L/R coordinate), listeners typically show much better than chance performance in
both the F/B and U/D dimensions. Therefore, some cue other than gross interaural
differences must be mediating this performance.
A sound undergoes spectral modifications as it travels from the source to the
eardrum, the most notable of which are rapid (as a function of frequency) modulations of
the shape of spectral envelope at frequencies above 5.0 kHz and more gradual (as a
function of frequency) lowpass changes in the shape of spectral envelope that are most
obvious at frequencies between approximately 2.5 kHz to 6.0 kHz. Spectral modifications
occur at frequencies above 5 kHz because the wavelength of the stimulus is small relative
to the size of the folds and cavities of the pinnae (Shaw, 1997). These modifications lead
to the amplification and attenuation of particular frequency bands, producing peaks and
notches in the spectrum of the proximal stimulus. These modifications, and the resultant
peaks and notches, vary as a function of source direction relative to a listener, and have
been shown to do so systematically with elevation. The frequencies at which these
spectral peaks and notches occur appear to provide cues for localization in the U/D
dimension (Blauert, 1969/1970; Butler & Belendiuk, 1977; Hebrank & Wright, 1974;
Kulkarni & Colburn, 1996; Middlebrooks, 1992). Specifically, two locations on the
median plane that generate the same interaural difference cues can be distinguished by the
spectral location of these peaks and notches.
Although large errors in sound localization, particularly in the L/R and U/D
dimensions, are rare, errors in the F/B dimension (i.e., front/back confusions) are more
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common. These errors occur when a sound originating from the frontal hemifield is
perceived to be located in the rear hemifield and vice versa. As previously described,
physical measurements of the proximal stimulus indicate that a low-pass filtering
characteristic, most notable in the 2.5-kHz to 6.0-kHz range, is imposed on a sound
originating from the rear hemifield (Shaw, 1974) by the pinna flange. This filtering is
presumed to help a listener resolve front/back confusions (Gardner & Gardner, 1973;
Musicant & Butler, 1984; Oldfield & Parker, 1984b, 1984a). It is further assumed that the
pinna flange imposes this filtering characteristic by projecting an ‘acoustic shadow.’
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Appendix C. Loudspeaker Equalization
The transfer functions of the multiple system components used in this experiment
(239 loudspeakers, 16 channels of amplification) varied. In some cases, it is possible that
these variations could be similar to the narrowband spectral fluctuations in a listener’s
head-related transfer function (HRTF), and as such could potentially influence sound
localization judgments. As a result, it was necessary to control for these changes by
equalizing these system components prior to data collection in order to ensure that the
output of each of the loudspeakers was nearly identical and flat across all frequencies
presented.
The loudspeakers were equalized as follows. An Etymotic ER-7C probe tube
microphone was placed on a vertical microphone stand and positioned such that the end of
the tube was at the center of the sphere. The assumption is made that this microphone is
essentially a single-point receiver and thus has response characteristics that remain
constant regardless of the angle of incidence of the sound. Therefore, the responses of
loudspeakers from all locations in the sphere may be measured without a requirement to
adjust the position of the microphone between loudspeaker presentations or incorporate
additional processing for each loudspeaker based on angle of incidence. Periodic chirp
signals were presented from each loudspeaker in the sphere in succession, and the output
of each loudspeaker was measured by the microphone, fed to an Etymotic ER-11
amplifier, then sent to a personal computer where these measurements were recorded and
stored.. From these measurements, two filters were created per loudspeaker. First, a
512-point FIR filter was constructed from this measurement designed to normalize the
specific loudspeaker response so that it would be equivalent to the loudspeaker with the
median frequency response. Next, a 1024-point FIR filter was generated to flatten this
median response, now present in each loudspeaker, from 0.5 kHz to 15.0 kHz. The
resulting loudspeaker responses were flat to within ±1 dB out to 11.0 kHz and to within
±2.5 dB out to 15.0 kHz. Figure 7.3 depicts the measurements from one calibration
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procedure. The gray lines depict the loudspeaker responses prior to normalization, and the
black lines depict the normalized loudspeaker responses. [Note that this process was
conducted over the entire set of 277 loudspeakers in the sphere]. In addition, each of the
16 channels of amplification were normalized to yield a flat frequency response over the
entire range of the system.

Figure 7.3: C.1. Measured loudspeaker responses prior to normalization (gray lines) and
normalized loudspeaker responses (black lines). Note the greater similarity across responses in the group of black curves and the relatively small variations in magnitude in
this set of curves relative to the uncorrected measurements.
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Appendix D. Pilot Study to Establish Signal-to-Noise Ratios
As previously described, the results shown in Figure 1.1 indicate the existence of an
interaction between signal-to-noise ratio and masker fringe duration. One conclusion that
may be drawn is that the advantage of having a masker fringe becomes greater as the task
becomes more difficult. Thus, masker fringe was examined across a range of conditions at
multiple levels of signal-to-noise ratio. However, it was unclear, a priori, what values of
signal-to-noise ratio should be employed. Thus, in order to ensure that the anticipated
effects of masker fringe were not obscured by a task that is too easy (very high
signal-to-noise ratios) or too difficult (very low signal-to-noise ratios), a pilot study was
conducted to examine sound localization in noise over a wide range of signal-to-noise
ratios.
The stimuli employed for this study were similar to those subsequently used in the
dissertation. Specifically, the masker was a 60-ms Gaussian noise burst generated using
the RANDN function in Matlab, with a bandwidth of 0.2 to 14.5 kHz, filtered with a
fifth-order digital Butterworth filter. The target had the same duration and bandwidth as
the masker. As the primary goal of this pilot study was to determine which signal-to-noise
ratios would be used in this dissertation, performance in only two listening conditions was
examined, one of which was presumed to result in the best overall performance (500 ms of
forward masker fringe, low masker spatial uncertainty; that is, the Fixed Masker Fringe
condition) and one of which was presumed to lead to the worst performance (no masker
fringe, high masker spatial uncertainty; that is, the Variable Masker Pulsed condition).
Across blocks, three different masker locations were considered in the Fixed Masker
condition: directly in front of the listener (0◦ azimuth, 0◦ elevation), directly to the right of
the listener (90◦ azimuth, 0◦ elevation), and directly above the listener (0◦ azimuth, 90◦
elevation). In the Variable Masker condition, the location of the masker was randomly
varied from trial to trial within a block across 142 locations roughly evenly distributed
throughout the sphere above -45◦ elevation. In both Fixed and Variable Masker
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conditions, the target location was varied across these same 142 locations. For each of 6
listeners, at least 100 trials were collected at each signal-to-noise ratio in each condition.
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Figure 7.4: Overall angular localization errors, averaged across listeners, plotted as a function of signal-to-noise ratios for the Fixed Masker Fringe condition (open squares), the
Variable Masker Pulsed condition (filled triangles).
The data from the three Fixed Masker conditions suggest that different masker
locations lead to somewhat different patterns of localization errors across spatial
dimensions, particularly at lower signal-to-noise ratios. For the purposes of this study,
however, we have averaged the data across these three conditions, thus reducing any
differences in the patterns of responses that arise as a function of differences in masker
location, as was subsequently done in the dissertation. Overall angular localization errors,
averaged across listeners for the Fixed Masker Fringe condition, are depicted by the open
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squares in Figure 7.4. These data indicate a decrease in localization errors as the
signal-to-noise ratio increases. The data from the Variable Masker Pulsed condition, also
averaged across listeners, are depicted by the filled triangles in Figure 7.4. As can be seen,
when masker spatial uncertainty is high (i.e., Variable Masker) and no masker fringe is
provided (Pulsed), performance can be as much as 16 dB worse than in the low
uncertainty (Fixed Masker) Fringe condition. (Note, however, that a programming error
led to these targets having much longer onset/offset ramps, reducing the actual overall
signal-to-noise ratio and, importantly, changing the perceived “pitchiness” of the signal,
making it sound more similar to the masker. These issues were subsequently corrected
and levels adjusted for the dissertation, but it is likely that these issues contributed to the
slightly larger effects of masker fringe and spatial uncertainty found in this pilot study
relative to those found in the experiment described in the dissertation.)
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Appendix E. Individual Subject Data
Throughout the dissertation, data are primarily shown and discussed in terms of
mean data averaged across all subjects. The following graphs depict the RMS errors and
psychometric fits to those data for individual subjects.
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Figure 7.5: RMS errors from Subject 1 plotted as a function of signal-to-noise ratio for
the Fixed Masker condition (top row) and the Variable Masker condition (bottom row) in
the Left/Right (leftmost column), Front/Back (middle column) and Up/Down (rightmost
column. In each panel, data from the Pulsed configuration (open circles), Gap configuration (gray triangles) and Fringe configuration (black squares) are depicted. Results from
localization of the target in quiet (Q) are depicted by the gray diamond in each panel. The
data are fit with psychometric functions using the normal ogive Error bars represent ±1
standard error of the mean.
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Figure 7.6: RMS errors from Subject 2 plotted as a function of signal-to-noise ratio for the
Low Uncertainty condition (top row) and the High Uncertainty condition (bottom row) in
the Left/Right (leftmost column), Front/Back (middle column) and Up/Down (rightmost
column. In each panel, data from the Pulsed configuration (open circles), Gap configuration (gray triangles) and Fringe configuration (black squares) are depicted. Results from
localization of the target in quiet (Q) are depicted by the gray diamond in each panel. The
data are fit with psychometric functions using the normal ogive Error bars represent ±1
standard error of the mean.
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Figure 7.7: RMS errors from Subject 3 plotted as a function of signal-to-noise ratio for the
Low Uncertainty condition (top row) and the High Uncertainty condition (bottom row) in
the Left/Right (leftmost column), Front/Back (middle column) and Up/Down (rightmost
column. In each panel, data from the Pulsed configuration (open circles), Gap configuration (gray triangles) and Fringe configuration (black squares) are depicted. Results from
localization of the target in quiet (Q) are depicted by the gray diamond in each panel. The
data are fit with psychometric functions using the normal ogive Error bars represent ±1
standard error of the mean. The arrow plotted at a signal-to-noise ratio of -13 in the middle
panel of the top row represents the fact that the value of RMS error for this particular subject in the indicated condition exceeded the range of the ordinate. The actual RMS error
value was 82.6◦ .
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Figure 7.8: RMS errors from Subject 4 plotted as a function of signal-to-noise ratio for the
Low Uncertainty condition (top row) and the High Uncertainty condition (bottom row) in
the Left/Right (leftmost column), Front/Back (middle column) and Up/Down (rightmost
column. In each panel, data from the Pulsed configuration (open circles), Gap configuration (gray triangles) and Fringe configuration (black squares) are depicted. Results from
localization of the target in quiet (Q) are depicted by the gray diamond in each panel. The
data are fit with psychometric functions using the normal ogive Error bars represent ±1
standard error of the mean.
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Figure 7.9: RMS errors from Subject 5 plotted as a function of signal-to-noise ratio for the
Low Uncertainty condition (top row) and the High Uncertainty condition (bottom row) in
the Left/Right (leftmost column), Front/Back (middle column) and Up/Down (rightmost
column. In each panel, data from the Pulsed configuration (open circles), Gap configuration (gray triangles) and Fringe configuration (black squares) are depicted. Results from
localization of the target in quiet (Q) are depicted by the gray diamond in each panel. The
data are fit with psychometric functions using the normal ogive Error bars represent ±1
standard error of the mean.
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Appendix F. Loudspeakers
The following pages contain tables that list the loudspeaker locations, in azimuth and
elevation, utilized in this experiment. Table 7.1 contains a list of the target loudspeaker
locations (64 in total); Table 7.2 lists the masker locations for the Fixed Masker condition
(8 in total), and Table 7.3 lists the locations of masker used in the Variable Masker condition
(239 in total).

114

Table 7.1: Target Loudspeaker Locations
Speaker Number

Azimuth

4
8
10
15
21
27
29
34
40
46
52
57
68
71
73
76
80
84
88
90
97
98
101
108
109
110
112
119
121
127
129
130

32
-21.1
-45.3
-134.7
147
90
90
90
-90
-90
0
0
-180
-180
69.7
77.1
55.1
23.7
54.2
30.5
14.9
-69.7
-77.1
-68.9
-23.7
-38.8
-49.9
-21.8
-8.1
-100.6
-130.9
-124.9

Elevation Speaker Number
0
0
0
0
0
45.3
20.9
-45.3
-32.8
45.3
44.7
-44.7
31.7
69.1
67.6
27.1
44.2
60.2
12.3
36
10.2
67.6
27.1
7.6
60.2
47.4
24.2
23.3
20.9
14.7
58.4
44.2

137
139
147
149
156
160
163
169
178
181
185
191
196
198
206
210
216
222
228
230
243
244
248
259
261
270
271
273
274
275
276
277
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Azimuth

Elevation

-130.1
-161.7
-165.1
110.5
119.3
141.2
125.8
158.2
68.9
55.1
49.9
30.5
14.9
-79.4
-55.1
-49.9
-30.5
-8.1
-111.1
-119.3
-152.4
-158.2
100.6
125.8
135
164.9
165.1
90
0
-90
-180
90

24.2
47.6
10.2
52.4
32.4
47.4
12.3
23.3
-7.6
-44.2
-24.2
-36
-10.2
-14.7
-44.2
-24.2
-36
-20.9
-7.6
-32.4
-11.5
-23.2
-14.7
-12.3
-35.3
-34.8
-10.2
0
0
0
0
90

Table 7.2: Masker Loudspeaker Locations, Fixed Masker Condition
Speaker Number

Azimuth

Elevation

80
141
215
256
273
274
276
277

55.1
-143.9
-36.1
124.9
90
0
-90
0

44.2
24.4
-24.4
-44.2
0
0
0
90

116

Table 7.3: Masker Loudspeaker Locations, Variable Masker Condition: Page 1
Speaker Number

Azimuth

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

79.4
58.3
45.3
32
20.9
7.6
-7.6
-21.1
-33
-45.3
-58.3
-79.4
-100.6
-121.7
-134.7
-147
-159.1
-172.4
172.4
159.1
147
134.7
121.7
100.6
90
90
90
90
90
90
90
90
90
90
90
90

Elevation Speaker Number
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
79.4
58.3
45.3
32.8
20.9
7.6
-7.6
-20.9
-32.8
-45.3
-58.3
-79.4

37
38
39
40
4
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
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Azimuth

Elevation

-90
-90
-90
-90
1 -90
-90
-90
-90
-90
-90
-90
-90
0
0
0
0
0
0
0
0
0
0
0
0
-180
-180
-180
-180
-180
-180
-180
-180
-180
-180
-180
-180

-79.4
-58.3
-45.3
-32.8
-20.9
-7.6
7.6
20.9
32.8
45.3
58.3
79.4
82.4
69.1
57.3
44.7
31.7
10.6
-10.6
-31.7
-44.7
-57.3
-69.1
-82.4
-82.4
-69.1
-57.3
-44.7
-31.7
-10.6
10.6
31.7
44.7
57.3
69.1
82.4

Table 7.4: Masker Loudspeaker Locations, Variable Masker Condition: Page 2
Speaker Number

Azimuth

73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108

69.7
69.5
74
77.1
79.4
35
49.1
55.1
60.7
65.1
68.9
23.7
38.8
45
49.9
54.2
18.3
30.5
36.1
40.9
15.1
21.8
27.6
8.1
14.9
-69.7
-69.5
-74
-77.1
-79.4
-35
-49.1
-55.1
-60.7
-65.1
-68.9

Elevation Speaker Number
67.6
52.4
39.8
27.1
14.7
72
58.4
44.2
32.4
20.1
7.6
60.2
47.4
35.3
24.2
12.3
47.6
36
24.4
12.2
34.8
23.3
11.5
20.9
10.2
67.6
52.4
39.8
27.1
14.7
72
58.4
44.2
32.4
20.1
7.6

109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
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Azimuth

Elevation

-23.7
-38.8
-45
-49.9
-54.2
-18.3
-30.5
-36.1
-40.9
-15.1
-21.8
-27.6
-8.1
-14.9
-110.3
-110.5
-106
-102.9
-100.6
-145
-130.9
-124.9
-119.3
-114.9
-111.1
-156.3
-141.2
-135
-130.1
-125.8
-161.7
-149.5
-143.9
-139.1
-164.9
-158.2

60.2
47.4
35.3
24.2
12.3
47.6
36
24.4
12.2
34.8
23.3
11.5
20.9
10.2
67.6
52.4
39.8
27.1
14.7
72
58.4
44.2
32.4
20.1
7.6
60.2
47.4
35.3
24.2
12.3
47.6
36
24.4
12.2
34.8
23.3

Table 7.5: Masker Loudspeaker Locations, Variable Masker Condition: Page 3
Speaker Number

Azimuth

145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180

-152.4
-171.9
-165.1
110.3
110.5
106
102.9
100.6
145
130.9
124.9
119.3
114.9
111.1
156.3
141.2
135
130.1
125.8
161.7
149.5
143.9
139.1
164.9
158.2
152.4
171.9
165.1
79.4
77.1
74
69.5
69.7
68.9
65.1
60.7

Elevation Speaker Number
11.5
20.9
10.2
67.6
52.4
39.8
27.1
14.7
72
58.4
44.2
32.4
20.1
7.6
60.2
47.4
35.3
24.2
12.3
47.6
36
24.4
12.2
34.8
23.3
11.5
20.9
10.2
-14.7
-27.1
-39.8
-52.4
-67.6
-7.6
-20.1
-32.4

181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
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Azimuth

Elevation

55.1
49.1
35
54.2
49.9
45
38.8
23.4
40.9
36.1
30.5
18.3
27.6
21.8
15.1
14.9
8.1
-79.4
-77.1
-74
-69.5
-69.7
-68.9
-65.1
-60.7
-55.1
-49.1
-35
-54.2
-49.9
-45
-38.8
-23.7
-40.9
-36.1
-30.5

-44.2
-58.4
-72
-12.3
-24.2
-35.3
-47.4
-60.2
-12.2
-24.4
-36
-47.6
-11.5
-23.2
-34.8
-10.2
-20.9
-14.7
-27.1
-39.8
-52.4
-67.6
-7.6
-20.1
-32.4
-44.2
-58.4
-72
-12.3
-24.2
-35.3
-47.4
-60.2
-12.2
-24.4
-36

Table 7.6: Masker Loudspeaker Locations, Variable Masker Condition: Page 4
Speaker Number

Azimuth

217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252

-18.3
-27.6
-21.8
-15.1
-14.9
-8.1
-100.6
-102.9
-106
-110.5
-110.3
-111.1
-114.9
-119.3
-124.9
-130.9
-145
-125.8
-130.1
-135
-141.2
-156.6
-139.1
-143.9
-149.5
-161.7
-152.4
-158.2
-164.9
-165.1
-171.9
100.6
102.9
106
110.5
110.3

Elevation Speaker Number
-47.6
-11.5
-23.3
-34.8
-10.2
-20.9
-14.7
-27.1
-39.8
-52.4
-67.6
-7.6
-20.1
-32.4
-44.2
-58.4
-72
-12.3
-24.2
-35.3
-47.4
-60.2
-12.2
-24.4
-36
-47.6
-11.5
-23.2
-34.8
-10.2
-20.9
-14.7
-27.1
-39.8
-52.4
-67.6

253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277

120

Azimuth

Elevation

111.1
114.9
119.3
124.9
130.9
145
125.8
130.1
135
141.2
156.3
139.1
143.9
149.5
161.7
152.4
158.2
164.9
165.1
171.9
90
0
-90
-180
90

-7.6
-20.1
-32.4
-44.2
-58.4
-72
-12.3
-24.2
-35.3
-47.4
-60.2
-12.2
-24.4
-36
-47.6
-11.5
-23.3
-34.8
-10.2
-20.9
0
0
0
0
90

